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In this research I revealed evidence for two buried soils in the Aceh Province, Sumatra. I focused on the litho-
and biostratigraphy of the lower buried soil, which is indicative of coseismic subsidence from a
paleoearthquake estimated to have occurred ca. 6500-7000 years BP. Approximately 1-3 m above the lower
buried soil sequence is an upper buried soil with an age of ca. 5500-6000 years BP. I used a multi-proxy
method that included pollen, foraminifera, and the gastropod Cerithidea cingulata (Gmelin, 1791) to identify
the lower buried soil, establish the preseismic and postseismic paleoenvironments, and estimate the amount
of coseismic subsidence to be 0.4 ± 0.3 m.
Using our own distribution study and previous work, I determined the indicative meaning of C. cingulata in
the modern environment. I then used this species as a sea-level indicator in the lower buried soil sequence to
determine the elevation of the postseismic land surface and constrain the age of the paleoearthquake. I
calibrated the 14C age of a C. cingulata shell in the postseismic unit of the lower soil by incorporating a
species-specific regional correction (ΔR) to the marine reservoir effect. I developed the correction from 11
shells of known age collected prior to 1950 from sites across southeast Asia.
Hurricane Isabel deposited overwash sand on a back-barrier salt marsh of Ocracoke Island, North Carolina on
September 18th 2003. Data collected annually between May 2004 and October 2010 showed changes in the
elevation, geomorphology, and the ecological evolution of the overwash deposit. The results indicated that
marsh foraminifera and plants did not recolonize until the surface of the overwash deposit was eroded to an
elevation within the intertidal zone. Once this elevation was crossed, recolonization occurred in less than one
year. The erosion of the overwash deposit suggests that the stratigraphic record of storm-driven overwash is
likely not representative of the actual number of landfalling hurricanes in environments such as the Outer
Banks of North Carolina.
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ABSTRACT 
 
THE APPLICATION OF MACRO- AND MICROFOSSILS TO IDENTIFY 
PALEOEARTHQUAKES IN SUMATRA, INDONESIA AND TO CHARACTERIZE 
GEOMORPHIC AND ECOLOGICAL SUCCESSTION ON A MARSH PLATFORM AFTER 
HURRICANE ISABEL IN NORTH CAROLINA, USA 
 
Candace A. Grand Pré 
Benjamin P. Horton 
 
 
In this research I revealed evidence for two buried soils in the Aceh Province, 
Sumatra. I focused on the litho- and biostratigraphy of the lower buried soil, which is 
indicative of coseismic subsidence from a paleoearthquake estimated to have occurred 
ca. 6500-7000 years BP. Approximately 1-3 m above the lower buried soil sequence is 
an upper buried soil with an age of ca. 5500-6000 years BP. I used a multi-proxy 
method that included pollen, foraminifera, and the gastropod Cerithidea cingulata 
(Gmelin, 1791) to identify the lower buried soil, establish the preseismic and 
postseismic paleoenvironments, and estimate the amount of coseismic subsidence to 
be 0.4 ± 0.3 m.  
  
Using our own distribution study and previous work, I determined the indicative 
meaning of C. cingulata in the modern environment. I then used this species as a sea-
level indicator in the lower buried soil sequence to determine the elevation of the 
postseismic land surface and constrain the age of the paleoearthquake. I calibrated 
the 14C age of a C. cingulata shell in the postseismic unit of the lower soil by 
incorporating a species-specific regional correction (ΔR) to the marine reservoir effect. 
I developed the correction from 11 shells of known age collected prior to 1950 from 
sites across southeast Asia.  
 vii 
Hurricane Isabel deposited overwash sand on a back-barrier salt marsh of Ocracoke 
Island, North Carolina on September 18th 2003. Data collected annually between May 
2004 and October 2010 showed changes in the elevation, geomorphology, and the 
ecological evolution of the overwash deposit. The results indicated that marsh 
foraminifera and plants did not recolonize until the surface of the overwash deposit 
was eroded to an elevation within the intertidal zone. Once this elevation was crossed, 
recolonization occurred in less than one year. The erosion of the overwash deposit 
suggests that the stratigraphic record of storm-driven overwash is likely not 
representative of the actual number of landfalling hurricanes in environments such as 
the Outer Banks of North Carolina. 
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CHAPTER ONE: Introduction to paleoenvironmental 
reconstruction 
 
1.1 CONTEXT OF STUDY 
The evolution of coastal environments is controlled by interactions between internal 
geomorphic dynamics (e.g., the flux of sediment, freshwater, marsh biomass, 
erosion, subsidence, and accretion) and external physical processes (e.g., sea-level 
change, earthquakes, tsunamis, hurricanes, and tropical storms). These interactions 
comprise complex positive and negative feedbacks that maintain coastal stability 
(French et al., 1995; Morris et al., 2002; Kirwan and Murray, 2007). Changes to the 
coastal environment from any of these processes will cause a geomorphic response, 
often by transgressive or regressive migration of the barrier islands (Leatherman, 
1983; Fitzgerald et al., 2008). For example, barrier islands respond to a rise in sea 
level with a series of geomorphic and biological processes: an increase in sea level 
increases the tidal inundation of the barrier island marsh, which stimulates marsh 
plant growth, which increases the accretion rate of both organic and inorganic 
substrate (van Wijnen and Bakker, 2001). Such a rise in sea level may cause the 
beachfront to erode, but the back-barrier marsh experiences increased accretion, 
causing the entire barrier island system to migrate landward (Pilkey et al., 1998; 
Riggs, 2002; Fitzgerald et al., 2008). Problems arise when changes to the 
environment (e.g., change in sea level, change in sediment supply) happen faster 
than a coastal environments can respond, or when construction (such as stone 
jetties, sea-walls, vacation homes) does not allow for the natural migration of these 
coastal systems (Riggs, 2001). 
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Abrupt events such as earthquakes and hurricanes can have lasting effects on the 
geomorphology and ecology of coastal environments. I studied two recent examples; 
the 2004 Aceh-Andaman megathrust earthquake and tsunami, and the 2003 North 
Carolina tropical cyclone, Hurricane Isabel. Megathrust earthquakes cause extensive 
environmental disruption on active margins such as the coast of Sumatra because 
the region undergoes rapid subsidence during the earthquake and is vulnerable to 
earthquake-generated tsunamis (Jaffe et al., 2006). Hurricanes have the potential to 
cause rapid coastal environmental change in the Outer Banks of North Carolina, with 
the deposition of overwash fans, the erosion and flooding caused by high-velocity 
winds, increased precipitation, and storm surges (Morton et al., 2007). 
 
This dissertation explores the use of pollen, foraminifera, and gastropods to identify 
evidence for paleoearthquake subsidence and tsunami deposition from coastal 
stratigraphic sequences from northern Sumatra, and the geomorphic evolution and 
ecological recovery of a marsh system on the Outer Banks of North Carolina after a 
hurricane.  This dissertation presents (1) the first evidence of coseismic subsidence 
preserved in estuarine stratigraphic sequences in Sumatra; (2) the use of a 
macrofossil to establish the paleoelevation of the postseismic land surface; and (3) 
details of the geomorphic and ecological succession in a marsh as it responds to the 
deposition of an overwash fan on its surface.  
 
The results of these studies will contribute to our understanding of earthquake 
frequency, hurricane frequency, and in the case of the Outer Banks, the sequence of 
annual-scale changes that occur during the post-hurricane recovery of the coastal 
margin of North Carolina. Determining the frequency of such seismic and climate-
 3 
related events will have a significant impact on future decisions regarding coastal 
recreational and economic activities and resources.  
 
1.2 SEISMIC AND CLIMATE-RELATED EVENTS ON COASTAL MARGINS 
1.2.1. MEGATHRUST EARTHQUAKES AND TSUNAMIS 
The tectonics of megathrust earthquakes, including the 2004 Aceh-Andaman 
earthquake, are described by the earthquake deformation cycle (EDC).  This model, 
comprises three phases: Interseismic strain accumulation on the overriding plate; 
the rapid release of strain as coseismic rupture (i.e., an earthquake); and post-
seismic recovery to the slower interseismic phase. (Nelson et al., 1996; Bourgeois, 
2006).  
  
Evidence of coseismic subsidence and interseismic uplift can be recognized in the 
sedimentary record in coastal environments as a rise in relative sea level (RSL) 
followed by a more gradual fall in RSL (Figure 1.1). This is commonly expressed 
lithologically as a buried soil and overlying mud sequence (Nelson et al., 1996). 
Coseismic subsidence creates accommodation space, which allows for the deposition 
of transgressive lithologic sequences. If a megathrust earthquake also produces a 
tsunami, the tsunami deposit can be preserved and identified as a sand deposit 
located between the preseismic buried soil and the postseismic mud unit (Atwater, 
1987; Nelson et al., 1996; Shennan and Hamilton, 2006). Coseismic buried soil 
sequences have been confirmed in the coastal environments of Cascadia, Chile, 
Alaska and Japan (e.g., Atwater, 1987; Sawai et al., 2004a; Cisternas et al., 2005; 
Shennan and Hamilton, 2006).  
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Figure 1.1. The earthquake deformation cycle associated with megathrust 
earthquakes. (A) Interseismic strain accumulation and (B) coseismic rupture. (C) 
The resulting land level displacements at a position on the coast that experiences 
interseismic uplift and coseismic subsidence. Combining the apparent RSL changes 
(D) with the “real sea-level rise” of (E) yields the change in RSL observed at the 
coast in (F) (from Nelson et al., 1996). 
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The history of large megathrust earthquakes and tsunamis produced by the Cascadia 
subduction zone was first revealed by Atwater (1987). Coseismic peat-mud 
sequences were identified in the coastal sediments in several estuaries in the state of 
Washington. This work showed the chronology of six megathrust  events in the last 
7000 years, recorded as six buried lowland soils overlain by muddy intertidal 
deposits. Prior to Atwater’s (1987) study, the seismic history of this region was 
limited to the historical record of the last 200 years and there was no record of 
earthquakes over a 7.5 magnitude. The stratigraphic evidence revealed that the 
Pacific Northwest does have a history of large megathrust earthquakes and 
tsunamis, which implies a future threat of large earthquakes and tsunamis to that 
region. 
 
The precision and accuracy involved with reconstructing chronologies of 
paleoearthquakes has been much improved with the development of accelerator 
mass spectrometers (AMS) and techniques for determining 14C age estimates (e.g., 
Southon et al., 2004). Further, the contribution of tree ring chronologies has 
improved the calibration curve for terrestrial 14C samples (Stuiver et al., 1998; 
Reimer et al., 2004; Reimer et al., 2009).  Likewise, datasets of foraminifera from 
Cariaco Basin varved sediments (Hughen et al., 2004) and Hulu Cave speleothem 
δ18O records (Wang, 2001) have improved marine calibration curves. The most 
current calibration curves now extend the 14C record for both terrestrial (INTCAL09) 
and marine (MARINE09) 14C samples by combining the terrestrial and marine 
datasets with advanced temporal modeling (e.g., Reimer et al., 2009). Further, the 
methods for selecting and preparing samples from cores for 14C calibration has 
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improved the precision and accuracy of reconstructed chronologies of sudden 
environmental change (e.g., Kemp et al., in preparation).  
 
A specific example illustrating the improvement in radiocarbon calibration is in the 
ongoing research on the paleoearthquake record in Cascadia (Atwater, 1987; Nelson 
et al., 1995; Nelson et al., 2008; Hawkes et al., 2010). Some of the first publications 
to reveal this Holocene record of paleoearthquakes relied on the calibration of bulk 
peat samples, which is often a combination of organic matter of many ages, thus 
decreasing the precision of the age estimate (e.g., Atwater, 1987). As methodologies 
improved, the minimum sample size needed for accurate AMS results decreased. As 
a result, Nelson et al. (1995) was able to select a fragment of an individual plant that 
was still rooted into the buried soil horizon (i.e., the measured 14C age was that of a 
single plant growing at the time of coseismic subsidence and was not, as is true of 
bulk sediment dates, a combination of carbon from potentially many different 
sources and ages). Nelson et al. (1995) then compared the age of the plant sample 
directly to tree-ring data from a tree stump preserved in the same soil horizon and 
was thus able to further increase the precision of the age of coseismic subsidence 
(e.g., Atwater and Yamaguchi, 1991). The improvement using these new techniques 
and calibrations reduced reported laboratory error (1σ) from ± 41-84 14C years to 
±16-18 14C years (Kemp et al., in preparation).  
 
Although terrestrial 14C chronologies have been much improved, there still remain 
challenges in estimating the age of inorganic and organic fossils specimens. One 
significant problem is dating inorganic intertidal or marine samples, such as 
gastropod or bivalve shells, is the marine reservoir effect (Reimer et al., 2009). The 
marine reservoir effect is the result of atmospheric 14C becoming incorporated into 
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ocean reservoirs with long residence times (Hughen et al., 2004). Subsequently, 
marine and intertidal organisms that incorporate this 14C depleted marine carbon into 
the construction of their shells will have a measured 14C age that is significantly older 
than the actual age of the organism (Reimer et al., 2009). To address this issue, the 
Marine09 (Reimer et al., 2009) calibration curve uses a correction for the global 
average of the marine reservoir effect (+400 years), which does not account for the 
possible range of local variability. Local variation, due to numerous variables 
including the age of specific deep ocean currents and the proximity of a sample to 
upwelling zones, can alter the marine reservoir age significantly, up to 1400 years 
(Ingram and Southon, 1996). Therefore, in order to accurately calibrate marine and 
intertidal samples of inorganic carbon, a regional adjustment to the global marine 
reservoir correction, known as ΔR, is incorporated into the age calibration. 
Unfortunately, ΔR values have not been determined for many regions of the Earth 
(Southon et al., 2002). To address this problem, an online database of all known 
current ΔR corrections (http://calib.qub.ac.uk/calib/) is available with the CALIB 
online program (Stuiver and Reimer, 1993), to be used with the Marine09 (Reimer et 
al., 2009) calibration curve.  
 
While there is written documentation of several smaller earthquakes along the 
southern region of the Sunda shelf prior to the 2004 Aceh-Andaman earthquake 
(Newcomb and McCann, 1987), there was no historical precedence for a >9 Mw 
earthquake on the northern regions of the Sunda shelf (Briggs et al., 2006). Sieh et 
al. (1999) provided proxy data from marine corals as a paleogeodetic tool to confirm 
active interseismic strain accumulation off the coast of Sumatra, and Zachariasen et 
al. (1999; 2000) used the same proxy to identify the 1833 megathrust earthquake 
on the southern portion of the Sunda Trench. These publications showed that the 
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Sunda trench was an active subduction zone which was accumulating interseismic 
strain, but no record had yet showed the potential for large megathrust earthquakes 
in the area surrounding northern Sumatra (Briggs et al., 2006). 
 
The 2004 Aceh-Andaman earthquake (Mw = 9.0-9.3) ruptured 1,600 km of the 
northern portion of the Sunda megathrust. It is the second largest earthquake in 
recorded history, and produced one of the largest and most destructive tsunamis yet 
recorded (Lay et al., 2005; Meltzner et al., 2006). The tsunami inundated continental 
margins surrounding the Indian Ocean. It destroyed the natural environment, 
agriculture, and the livelihood of those dependent on coastal resources or property 
(Lay et al., 2005).  
 
GPS and stratigraphic studies done before and after the 2004 Aceh-Andaman 
earthquake at locations in northern Sumatra showed that the Aceh province 
experienced ~0.5 m of coseismic subsidence. This region was also inundated by the 
resulting tsunami (Briggs et al., 2006; Meltzner et al., 2006). In the Aceh province, 
wave heights were reported to have reached 35 m and the flooding extended up to 
~2 km inland (Yalciner et al., 2005). The tsunami also deposited a coarse-grained 
fining-upward sand deposit, which was no more than ~0.50 m thick at the northwest 
coast and thinned to just several mm at its most inland extent (Yalciner et al., 2005; 
Tsuji et al., 2006; Monecke et al., 2008). 
 
The tsunami was generated when the Sunda megathrust ruptured along the trench. 
During coseismic slip on any marine subduction zone, the upper plate releases 
accumulated interseismic stress as vertical deformation. This causes the water 
directly above the overriding plate to be displaced, generating a tsunami wave 
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(Dawson, 1999; Meltzner et al., 2006). A tsunamis’ initial amplitude is equal to that 
of the surface of the ocean to the depth of the ocean floor, where the tsunami was 
generated. Tsunamis’ have long wavelengths (10 to 1000 km), speeds up to several 
100 km/hr, and they lose very little kinetic energy as they travel across oceans 
(Gelfenbaum and Jaffe, 2003; Tuttle et al., 2004; Liu et al., 2005).  
 
Unlike surface waves, a tsunami does not break as it approaches shallow continental 
margins. Rather, velocity slows and wave height can reach tens of meters, 
approaching land as a bore of surging water. This wall of water is capable of 
transporting car-sized boulders, destroying buildings, and uprooting forests. Further, 
the tsunami is destructive as it first arrives on land and also when the water recedes 
back into the ocean as backwash (Jaffe and Gelfenbuam, 2007). This behavior can 
sometimes be recognized within a single tsunami deposit as a repeating sequence of 
upward-fining sedimentologic units (Morton et al., 2007). Often, however, the 
stratigraphy shows little or no internal structure (Bryant et al., 1992; Dawson et al., 
1996; Gelfenbaum and Jaffe, 2003; Goff et al., 2006).  
 
1.2.2. Hurricanes  
Hurricanes and the accompanying storm surges and overwash deposits can be 
destructive to coastal environments (Fitzgerald et al., 2008). However, overwash 
deposition is a key process in the natural migration of the barrier island system 
which necessarily occurs during periods of relative sea-level rise (e.g., Hoyt, 1967; 
Godfrey, 1970; Dolan et al., 1973; Swift, 1975; Pilkey and Myers, 1981; Inman and 
Dolan, 1989; Mallinson et al., 2010). Currently, the east coast of the United States is 
experiencing a period of sea-level rise, documented by the combination of tide gauge 
and satellite records (Douglas, 2001; Peltier, 2001).  This is also confirmed by Late 
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Holocene sea-level reconstructions from sea-level indicators preserved in marsh 
stratigraphic sequences (van de Plassche, 1991; Gehrels et al., 2005; Kemp et al., 
2009a).  
 
Further, the IPCC report (2007) confirmed that the earth is warming, sea levels are 
rising, and that these changes are likely to persist well into the 21st century and 
beyond. Because hurricanes form and grow by drawing energy from warm low-
latitude waters, it is conceivable that as the oceans get warmer there may be an 
increase in the frequency and or intensity of hurricanes (Mann and Emanuel, 2006; 
Sriver and Huber, 2007; Elsner et al., 2008). However, there is much debate about 
whether there is a causal relationship between global warming and hurricanes, or 
whether the measured increase in storm activity is the product of improved 
technology in identifying storms (e.g., Landsea et al., 1996; Emanuel, 2001; 
Emanuel, 2005; Webster et al., 2005; Greening et al., 2006; Mann and Emanuel, 
2006; Landsea, 2007; Sriver and Huber, 2007; Elsner et al., 2008). 
 
Additionally, we do not know the implications of increased storminess on future 
barrier island migration and morphology, especially in the context of the 21st century 
acceleration in sea-level rise (Dolan et al., 1973; Pilkey et al., 1998; Culver et al., 
2007; Riggs and Ames, 2007; Kirwan and Temmerman, 2009). Paleotempestologists 
have begun to reconstruct hurricane records in coastal geologic records in order to 
better understand the relationship between hurricanes, sea-level rise, and climate 
change (e.g., Liu and Fearn, 1993; Donnelly et al., 2004; Liu, 2004; Donnelly and 
Woodruff, 2007; Woodruff et al., 2008; Horton et al., 2009a).  
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Hurricane records have revealed centennial to millennial variability in frequency 
along the Atlantic coast (Buynevich et al., 2004; 2007), Gulf Coast (Liu and Fearn, 
1993; Donnelly and Giosan, 2008), and Puerto Rico (Donnelly and Woodruff, 2007; 
Woodruff et al., 2008). Donnelly and Woodruff (2007) studied the stratigraphy and 
paleoenvironments of a Caribbean lagoon and concluded that intense hurricane 
activity in the western North Atlantic Ocean over the past 5,000 years was controlled 
by El Niño and the West African Monsoon. Woodruff et al. (2008) generated 
stochastic simulations of hurricane intensity for the North Atlantic based on overwash 
hurricane records. The reconstructions of paleohurricanes reveal intervals of frequent 
intense hurricane strikes between 3500 and 1000 years ago along the northeast 
coast of the United States (Buynevich and Donnelly, 2006). North Carolina, 
considered one of the highest energy coasts on the Atlantic, is estimated to have 1 
land-falling hurricane every 8.6 years (Smith et al., 2006).  
 
Hurricane Isabel made landfall on the Outer Banks of North Carolina on 18 
September 2003. The resulting environmental impact was initially underestimated 
because at landfall it was classified as a relatively small hurricane, a category 2 
storm on the Saffir-Simpson wind scale (NOAA, 2004). The hurricane categories are 
defined by the sustained wind speed, where category 1 designates the smallest 
hurricanes with wind speeds between 74-96 mph, and any hurricane with a wind 
speed greater than 156 mph designated a category 5 storm (Simpson, 1974). 
Category 2 is defined as wind speeds between 96-100 mph, and Hurricane Isabel 
crossed the Outer Banks with a speed around 100 mph (Montgomery et al., 2006).  
 
Once Hurricane Isabel made landfall, its linear velocity slowed, allowing the storm-
surge to inundate the barrier islands for five hours, which caused extensive erosion 
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along the coastal margins and deposited many overwash fans on the back-barrier 
marshes. The most significant environmental impacts included the formation of a 
600 m wide inlet between the towns of Hatteras and Frisco and the deposition of 
numerous overwash fans as far as 400 km from the storm’s center which crossed 
over Drum Inlet (Morton et al., 2007). The overwash deposits consisted of medium-
to-coarse, well-sorted sand with a maximum thickness of ~0.50 to 2.0 m. They 
extended the width of the back-barrier marshes, thinning to several cm close to 
Pamlico Sound (NOAA, 2004; Morton et al., 2007).  
 
Currently, it is not possible to predict when the next large earthquake or hurricane 
will occur. Nor do we fully understand the long-term affects these natural events 
have on coastal environments. One way to obtain a better understanding of these 
events is to extend the historical record by identifying stratigraphic evidence of past 
seismic and storm-generated coastal disturbances and also to study the long-term 
geomorphic and ecological response to modern events.  
 
1.3. UTILIZING SELECT MICRO- AND MACROFOSSILS TO 
RECONSTRUCT PALEOENVIRONMETAL CHANGE 
1.3.1 DISTRIBUTIONS AND PALEOENVIRONMENTAL RECONSTRUCTION 
Microfossils such as pollen and foraminifera are widely utilized in intertidal 
paleoenvironmental reconstructions because their modern intertidal zonal 
distributions are tied to changes in elevation with respect to the tidal frame (e.g., 
Scott and Medioli, 1978; Gehrels, 1994; Horton et al., 1999; Engelhart et al., 2007). 
Figure 1.2 shows this relationship. Because different taxa of a particular microfossil 
group (e.g., foraminifera) can be related to specific tidal ranges, microfossils are 
useful as sea-level indicators. The correlation between a sea-level indicator and a 
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specific tidal range is known as indicative meaning (Shennan, 1986; van de Plassche, 
1986). There are two defining parts to indicative meaning: the indicative range (IR) 
is the full elevational range within which the sea-level indicator can be found within 
the modern intertidal zone (e.g., MHW to MLW) and the midpoint in this range is the 
reference water level (RWL), which is often a tidal datum (e.g., MTL). This 
quantifiable relationship is fundamental to paleoenvironmental and paleoelevation 
reconstructions because the same assemblages preserved in Holocene intertidal 
stratigraphic sequences can then be related to their respective paleoenvironments 
and therefore, paleoelevation (Gehrels, 1999; Edwards and Horton, 2000; Hughes et 
al., 2002; Sawai et al., 2004a). 
 
Pollen was one of the first microfossils used to identify changes in paleoenvironments 
(e.g., Godwin, 1940) and is still the most widely used reconstructive proxy for 
coastal studies (Tooley, 1978; Shennan, 1982; Sun et al., 1999; Hughes et al., 
2002; Willard et al., 2003; Willard et al., 2005; Yulianto et al., 2005). The pollen 
assemblage of a sample is indicative of the coastal vegetation, which varies with 
changes to the inundation period, salinity, and pH of the environment (Erdtman, 
1952; Brush and DeFries, 1981). 
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Figure 1.2. Foraminiferal distributions relative to tidal datums. Population relative 
abundances for each species are shown schematically with colored lines:  
Jadammina macrescens (red), Trochammina inflata (blue), Tiphotrocha comprimata 
(green), Miliammina fusca (pink), Quinqueloculina tenagos and Elphidium 
mexicanum (orange). Tidal datums, relative to mean tide level: Highest astronomical 
tide (HAT), mean high water (MHW), mean low water (MLW), and lowest 
astronomical tide (LAT). 
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However, there is a limitation in its usefulness as a proxy for paleoelevation: the 
distribution of intertidal marsh plants may be controlled by elevation, but the 
transport of the pollen is widespread (Traverse, 1988).  Insects, water, and wind can 
transport pollen out of the environment in which the plant lives, which can decrease 
the precision of environmental reconstruction (Gehrels, 2007). Specifically, in 
estuarine environments the controls on the distribution of pollen are vast: the factors 
include, but are not limited to, the amount of pollen produced by the individual plant, 
the seasonality of flowering, the method of transport (wind vs. insect pollination), 
and the sediment/hydrological dynamics of the estuary (Brush and DeFries, 1981; 
Traverse, 1988). Despite these limitations, Brush and DeFries (1981) demonstrated 
in the Potomac estuary that the distribution of pollen preserved in the stratigraphic 
record was statistically comparable to the modern distributions because the 
morphology of pollen grains prevents them from being transported far away from the 
parent plant. This demonstrates the usefulness of pollen in reconstructing estuarine 
paleoenvironmental change.    
 
Furthermore, pollen can have an advantage over other microfossils because it is the 
most robust microfossil, preserved in the stratigraphic record when other microfossils 
(e.g., foraminifera or diatoms) may have been destroyed. Its excellent preservation 
is due to pollen’s thick exine surface, which is made from sporopollenin (Zetzsche, 
1932). Due to its complex biochemical structure, sporopollenin is resistant to nearly 
all forms of oxidation, and exposure to strong acids such as sulfuric acid, 
hydrochloric acid, and hydrofluoric acid. Some of the only known substances that can 
dissolve pollen are 2-aminoethanol and potassium hydroxide due to the process of 
hydrolytic (rather than oxidative) breakdown (Southworth, 1974; Bedinger, 1992). 
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This attribute is vital for paleoenvironmental reconstructions in tropical 
environments. Engelhart et al. (2007) confirmed that modern distributions of 
mangrove pollen are zoned relative to the tidal frame, thereby confirming their 
suitability for sea-level reconstructions. Quantitative statistical tests determined that 
pollen assemblages from this environment can be used to reconstruct sea level to a 
precision of ± 0.22 m (Engelhart et al., 2007).   
 
Hughes et al. (2002) used pollen to reconstruct changes in paleoenvironment across 
lithologic boundaries and estimate the amount of coseismic subsidence due to the 
1700 Cascadia earthquake in Tofino, British Columbia. Analysis of the pollen 
assemblages within the buried soil of the 1700 earthquake showed the soil was 
enriched in the pollen of forest and upper-marsh plants such as Potentilla pacifica, 
Achillea millefolium, and Gaultheria shallon, which are indicative of a forest-
edge/transition marsh environment. The overlying tsunami sand contained many of 
the same plant taxa as the buried soil, interpreted to be the result of the onshore 
mixing and deposition of pollen by the tsunami wave. The postseismic mud overlying 
the tsunami deposit was enriched in the pollen of low- to middle-marsh plants such 
as Cyperaceae, Triglochin-type, Poaceae and Chenopodiaceae, which are indicative of 
a low to middle intertidal environment. A quantitative reconstruction from the pollen 
assemblages of the 1700 Cascadia earthquake by using modern pollen analogs and 
their related elevations yielded an average estimate of subsidence of 0.61 ± 0.3 m, 
which compared very well to the average estimate using foraminifera of 0.63 ± 0.3 
m at the same location (e.g., Guilbault et al., 1996).  
 
Foraminifera are excellent proxies for paleoenvironmental change because they can 
tolerate the conditions of nearly all marginal to marine environments and have lived 
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from the Cambrian to the present day, making them a useful proxy in nearly any 
marginal marine/marine environment through most of the history of multicellular life 
forms (Sen Gupta, 1999a). Indeed, the longest geologic records of climate change 
are from deep-sea cores, reconstructed using the δ18O and δ13C signatures of 
planktonic foraminifera that have been preserved in the stratigraphic record as far 
back as 65 Ma (Zachos et al., 2001). Foraminifera from deep-sea cores were 
instrumental in identifying and confirming the cyclical glacial/interglacial climate 
pattern that defines the Quaternary (Hays et al., 1976). The δ18O proxy data from 
foraminiferal tests revealed periodicities in global climate of 100,000 years, 41,000 
years, and 23,000 years; the first concrete evidence for the extraplanetary climate 
forcings first proposed by Milankovitch in 1941 (Imbrie and Kipp, 1971; Hays et al., 
1976; Imbrie et al., 1993).  
 
Climate reconstructions spanning time periods of 100,000 years use planktonic 
foraminifera that live within the ocean water column and accumulate on the ocean 
floor. Reconstructions on the order of shorter timescales, (e.g., Holocene) use 
benthic foraminifera, species that live on or in the surface sediment of intertidal or 
marginal marine environments as proxies for paleoenvironmental change (Sen 
Gupta, 1999a). Benthic foraminifera are divided into morphologically distinct Orders 
that live in distinct marginal and fully marine environments (Sen Gupta, 1999b). For 
example, marsh foraminifera within the intertidal zone are dominated by 
agglutinated taxa such as Trochammina inflata or Jadammina macrescens, which 
construct their tests from clastic grains of the marsh substrate. Foraminifera that live 
in subtidal to fully marine environments are dominated by species such as Ammonia 
parkinsoniana and Elphidium mexicanum, which secrete tests of calcium carbonate 
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(Phleger, 1942; Phleger and Parker, 1951; Scott and Medioli, 1978; Culver and 
Buzas, 1980).  
 
Scott and Medioli (1978; 1980) demonstrated that distinct intertidal benthic 
foraminiferal assemblages can be correlated with specific elevation ranges. For 
example, a nearly mono-specific assemblage of Jadammina macrescens is associated 
with the highest elevations of the marsh environment, while a mix of taxa including 
Tiphotrocha comprimata and Trochammina inflata is indicative of lower intertidal 
elevations (Scott and Medioli, 1978). The distribution of the mono-specific 
assemblage of Jadammina macrescens is restricted to an elevational range of ± 0.05 
m across the marsh surface, which leads to an accurate reconstruction of 
paleoelevation. Many common species of foraminifera that are used to reconstruct 
sea level are cosmopolitan, (the same species exist in the same environment in 
different areas of the world), making reconstructions of the same age from different 
locations comparable (e.g., a marsh in coastal Oregon will be dominated by the same 
foraminiferal taxa as a marsh environment in the United Kingdom (Figure 1.3).  
 
Foraminifera can also be used to reconstruct and quantify sudden 
paleoenvironmental change and RSL, such as coseismic subsidence on an active 
coastal margin (e.g., Nelson et al., 2008). Methods in subsidence stratigraphy have 
revealed evidence for a chronology of earthquakes preserved in the coastal 
sediments of Cascadia over the late Holocene (Atwater, 1987; Clague, 1997; Kelsey 
et al., 2002; Nelson et al., 2006). Foraminifera, because of their relationship to the
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Figure 1.3. The distribution of marsh foraminiferal assemblages is indicative of 
specific elevational ranges regardless of magnitude of the local tidal range or the 
geographical position of the study site (modified from Horton et al., in prep.).  
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tidal frame have been used to estimate the amount of coseismic subsidence related 
to the AD 1700 event in Cascadia. This was done by first establishing the relationship 
between changes in elevation in the intertidal zone to changes in the distribution of 
modern foraminifera across five transects in coastal Oregon. Generally, upland, high 
marsh, and middle marsh elevations were dominated by Trochammina irregularis, 
Balticammina pseudomacrescens, Haplophragmoides wilberti and Trochammina 
inflata. The low marsh and tidal flat elevations were dominated by Miliammina fusca. 
This relationship was then be applied to foraminiferal assemblages found in the 
stratigraphic sequences of the AD 1700 event using a transfer function technique, 
which matched the distinct foraminiferal assemblages found in the core to the 
correlated modern elevation (for information on transfer functions see Horton and 
Edwards, 2006). Changes in foraminiferal assemblages were identified between the 
preseismic buried soil horizon and the overlying post-seismic clastic horizon, yielding 
a change in elevation (coseismic subsidence) of 0.18 ± 0.20 m. 
 
The identification of hurricane and tsunami deposits is initially defined by the 
presence of distinct sandy layers interrupting marsh or lacustrine depositional 
sequences (e.g., Atwater, 1987; Reed, 1989; Liu and Fearn, 1993; Nelson et al., 
1996; Atwater and Hemphill-Haley, 1997; Shennan et al., 1999; Liu and Fearn, 
2000; Donnelly et al., 2001a; Sedgwick and Davis, 2003; van de Plassche et al., 
2004). The sedimentologic evidence for hurricane and tsunami deposits can be 
supported by microfossil data, which indicate abrupt changes in assemblages 
between the overlying deposit and the underlying material. Collins et al. (1999) 
confirmed that sand units located between continuous peat accumulation were 
deposited by Hurricane Hugo in South Carolina by identifying near-shore foraminifera 
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and re-worked benthic foraminifera within the deposit. Similar stratigraphic 
sequences have also been associated with tsunami deposits (e.g., Dawson et al., 
1996; Dawson and Shi, 2000; Hawkes et al., 2007). Figure 1.4 illustrates the litho- 
and biofacies changes that occur before, during, and after tsunami deposition.  
 
Macrofossils of intertidal and marine invertebrates can also be used to reconstruct 
changes in paleoenvironment and to reconstruct changes in relative sea level.  One 
example is the vermetids, a group of gastropods that construct large reefs at low 
intertidal elevations. A series of uplifted reefs built by the gastropod Dendropoma 
petraeum were identified as evidence of seismic uplift in the eastern Mediterranean 
over the last 3000 years. The reef constructing gastropod would be uplifted out of 
the environment with each coseismic event, creating a disruption in active reef 
building which could be recognized in the resulting reef stratigraphy (Pirazzoli et al., 
1996). Macrofossils are suitable for sea-level reconstructions because their living 
populations can be related to a specific elevational range. Further, they construct 
their shells from calcium carbonate, which can be sampled for 14C radiometric dating.  
 
1.4 THESIS AIMS 
1.4.1 RECONSTRUCTING PALEOEARTHQUAKES FROM SUMATRA 
The 2004 Aceh-Andaman earthquake and tsunami indicated that the seismic history 
for Sumatra is largely incomplete. Current seismic records are not adequate to 
establish earthquake frequencies and magnitudes or predict when the next 
earthquake will occur beneath the Sunda Trench. By employing methodologies of 
subsidence stratigraphy in Sumatra, I have done the following: 
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Figure 1.4. The litho- and biostratigraphical (diatoms, pollen, and foraminifera) 
signature of a tsunami deposit (modified from Horton et al., in prep). 
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1) used foraminifera, pollen, and a gastropod taxa to reconstruct paleoenvironments 
within coastal Holocene sediments to identify the evidence for coseismic subsidence 
in northern Sumatra;  
2) constrained the age of a paleoearthquake using 14C age estimates from organic 
material within the preseismic buried soil horizon and a gastropod shell within the 
postseismic intertidal horizon;  
3) provided an estimate for the amount of coseismic subsidence. 
 
1.4.2. INDENTIFYING A SEA-LEVEL INDICATOR SUITABLE FOR PALEOSEISMIC STUDIES IN 
TROPICAL ENVIRONMENTS 
Cerithidea cingulata is an opportunistic intertidal gastropod that quickly recolonized 
(in a few months) the intertidal zones disrupted by the 2004 Aceh-Andaman 
tsunami, in Singapore, Sri Lanka, and northern Sumatra. As this species dominates 
the intertidal zone after the 2004 tsunami in northern Sumatra, I have: 
1) defined the indicative meaning of Cerithidea cingulata; 
2) developed a regional and species-specific correction to the marine reservoir 
correction; 
 3) applied the marine reservoir correction to the calibration of a Cerithidea cingulata 
shell found in a paleoearthquake deposit to help constrain the age of the event.  
 
1.4.3. OBSERVING GEOMORPHIC AND ECOLOGICAL CHANGES ACROSS AN OVERWASH FAN 
DEPOSIT FROM HURRICANE ISABEL 
The Outer Banks of North Carolina is a high-energy coast that is vulnerable to 
frequent hurricanes that cause the deposition of overwash sand. In order to extend 
the instrumental record of hurricane activity and develop estimates of hurricane 
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frequencies, it is important to understand the preservation potential of hurricane 
overwash sand deposits. In this regard, I did the following:   
1) documented the yearly changes to an overwash deposit in elevation, foraminifera, 
and marsh plants;  
2) related the surface elevation of the overwash deposit to the recovery of marsh 
plants and foraminifera;  
3) determined the relationship between marsh surface elevation and marsh 
communities (foraminifera and vascular plant), and showed the potential for the loss 
of hurricane deposits in the stratigraphic record.  
 
1.5 THESIS STRUCTURE 
CHAPTER 1: Introduction to paleoenvironmental reconstruction. 
CHAPTER 2: Stratigraphic evidence for an early Holocene earthquake in Aceh, 
Indonesia. 
CHAPTER 3: The application of an opportunistic gastropod, Cerithidea cingulata, 
(Gmelin, 1791), as a sea-level indicator in paleoseismic studies.  
CHAPTER 4: The ecological and geomorphic evolution of a hurricane overwash 
deposit on Ocracoke Island, North Carolina.  
CHAPTER 5: Concluding remarks. 
APPENDICES 
REFERENCES  
INDEX 
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CHAPTER TWO: Stratigraphic evidence for an early Holocene 
earthquake in Aceh, Indonesia1  
 
2.1 ABSTRACT 
Stratigraphic data from the coastal plain west of Aceh Province reveal rapid changes 
in relative sea level associated with coseismic subsidence produced during a 
megathrust earthquake. Detailed investigations of lithology and micro- and 
macrofossil assemblages show a regionally-extensive buried mangrove soil abruptly 
overlain by a thin sand deposit of tsunami origin. The sand is covered by a sequence 
of intertidal silt and clay. Radiometric dates constrain the paleoearthquake to 6500-
7000 cal. yrs. BP. Using mangrove pollen assemblages to determine the preseismic 
land elevation and a combination of an intertidal gastropod and benthic foraminifera 
to calculate the postseismic land elevation, we estimate coseismic subsidence to be 
0.4 ± 0.3 m. By comparison, tectonic subsidence during the 2004 Aceh-Andaman 
earthquake amounted to ~0.6 m on Aceh’s west coast. 
 
2.2 INTRODUCTION 
On December 26th 2004 a ~1,600 km segment of the Sunda megathrust ruptured, 
producing the Aceh-Andaman earthquake. The earthquake is the second largest (Mw 
~ 9.2) event in recorded history and generated a tsunami that devastated south and 
southeast Asia (Subarya et al., 2006; Chlieh et al., 2007). Written history had failed 
                                           
1 Manuscript expected to be submitted to Journal of Geophysical Research as Grand Pre, C.A., 
Horton, B.P., Kelsey, H.M., Rubin, C.M., Hawkes, A.D., Daryono, M., Natawidjaja, D.H., 
Bernhardt, C., Culver, S.J., Engelhart, S., Meltzner, A.J., Stratigraphic evidence for an early 
Holocene earthquake in Aceh, Indonesia. 
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to forewarn of the full potential of this region’s tectonic hazards (McCaffrey, 1997a). 
It now appears, however, that the coastal lowland on the western coast of Aceh, 
Sumatra contains stratigraphic evidence of Holocene great earthquakes on the Sunda 
megathrust. Late Holocene paleotsunami have been identified from sand sheets 
within the beach ridge plains of Thailand (Jankaew et al., 2008) and northern 
Sumatra (Monecke et al., 2008).  
 
Presented here is an early Holocene paleogeodetic record for the Sunda megathrust 
using subsidence stratigraphy. Paleoearthquakes have been inferred using 
interbedded soils and muds from the sedimentary record of temperate locations such 
as Alaska (Shennan and Hamilton, 2006), Cascadia (Atwater and Hemphill-Haley, 
1997), Chile (Cisternas et al., 2005) and Japan (Sawai et al., 2004b). For the first 
time, we extend the subsidence stratigraphy approach to a tropical coast, which has 
a host of challenges including possible post-depositional changes and bioturbation of 
sea-level indicators and datable material. 
 
2.3 IDENTIFICATION OF BURIED SOILS 
Five months after the 2004 Aceh-Andaman earthquake we conducted a 
stratigraphical study over 25 km of the west coast of Aceh Province and revealed a 
sequence of two buried soils. We selected two field sites from our study area that 
were 2.5 km apart, Pulot and Seudu, for detailed analyses (Figure 2.1). These 
estuarine sites are protected from open-ocean wave attack and have minimal fluvial 
input. The type of tide is mixed with a mean tidal range of 0.6 m. At both sites we 
recovered multiple cores along transects running parallel and perpendicular to the 
shoreline using hand-gouge and Russian corers that minimized compaction. All cores 
were surveyed to a temporary benchmark and related to local mean tide level (MTL). 
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Figure 2.1. Index maps and stratigraphic cross sections (A) Sumatra and vicinity. 
Plate motions and faults from Briggs et al. (2006). (B) Northern Sumatra showing 
field site locations. (C) Study area at Pulot and Seudu (D) Cross sections from Pulot 
and Seudu relative to mean tide level (MTL). The cores selected for detailed analysis 
for Pulot (Core 3) and Seudu (Core 12) are shown. 
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The stratigraphy revealed ~ 5 m of sediment above pre-Holocene sediment or pre-
Quaternary bedrock. Figure 2.2 and Figure 2.3 show the detailed stratigraphy at 
Pulot and Seudu. At each site a lower buried soil was found abruptly overlain with a 
sharp contact by 0.05-0.20 m thick sand that tapered landward. Overlying the sand 
was 1 to 3 m of silty clay. The bottom contact of this clay deposit often contained a 
0.01-0.02 m layer of whole shells of Cerithidea cingulata. The clay deposit graded 
gradually, with varying amounts of silts and sands in each core, into an upper buried 
soil. The upper soil, although ubiquitously present in cores, was variably exposed and 
precluded collection of samples for microfossil or radiocarbon analyses. Above the 
upper buried soil, the sequence consisted of 1 to 2 m thick massive to weakly 
bedded, oxidized, silty-sand and sandy-silt units or soils. These were overlain by a 
sand unit (0.08-0.25 m in thickness) that was deposited by the 2004 Indian Ocean 
tsunami. We collected one core from Pulot (C3) and one core from Seudu (C12) for 
laboratory analysis.  
 
We investigated whether the lower buried soil of both field sites was submerged and 
subsequently buried by a rapid subsidence event. We used micro- and macrofossil 
data, specifically pollen, foraminifera and gastropods, to reconstruct former relative 
sea levels. Such micro- and macrofossil data have been used to reconstruct sea-level 
changes in aseismic and more recently, seismic coasts (Atwater and Hemphill-Haley, 
1997; Shennan and Hamilton, 2006). Foraminiferal assemblages in Indonesia are 
related to the frequency of tidal inundation (Horton et al., 2005b), while pollen 
assemblages yield additional information regarding local and regional vegetation 
communities (Yulianto et al., 2005; Engelhart et al., 2007). However, agglutinated
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Figure 2.2. Stratigraphy of cores at Pulot reveals two buried soils with overlying 
medium-coarse sand and an clay unit. Cerithidea cingulata is located in the clay unit 
in the lower buried soil stratigraphic sequence. Transects 1 and 2 run west to east 
and transect 3 runs north to south.  
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Figure 2.3. Stratigraphy of cores at Seudu reveals lower buried soil and inconsistent 
preservation of upper buried soil. The 2004 Aceh-Andaman tsunami deposit overlies 
a modern soil. Cerithidea cingulata is located in the clay unit in the lower buried soil 
stratigraphic sequence. Transect 1 runs southwest to northeast, transect 2 runs 
northwest to southeast.  
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foraminifera are prone to preservation problems in organic sequences from tropical 
environments (Berkeley et al., 2007) and they were absent in the buried soils of our 
cores. 
 
Woody detritus was collected from the upper section of the lower buried soil for AMS 
radiocarbon dating to establish a maximum limiting age for coseismic subsidence. To  
address potential differences between the age of dated material and the time of 
deposition or soil formation we selected delicate samples from the buried soils, which 
would have been destroyed by significant transport or time (Kelsey et al., 2002). In 
addition, we dated a gastropod in the overlying silty-clay to provide a minimum age 
for soil burial. We also dated the upper buried soil at Pulot. Table 2.1 shows the 
results of all age calibrations. 
 
2.4 PALEOENVIRONMENTAL RECONSTRUCTIONS 
At Pulot an organic-rich lower buried soil is found between 4.40-4.24 m core depth 
(Figure 2.2). The soil is indicative of a mature mangrove environment, because the 
high concentration, low diversity pollen assemblages (Figure 2.4) are dominated by 
Rhizophora and Brugeria/Ceriops taxa, with secondary influences of Avicennia and 
Excoecaria (Horton et al., 2005a; Yulianto et al., 2005; Engelhart et al., 2007). 
Mature mangroves have an elevational range between mean high water (MHW) and 
highest astronomical tide (HAT) in Indonesia (Horton et al., 2005b; Yulianto et al., 
2005; Engelhart et al., 2007) and elsewhere in southeast Asia (Horton et al., 2005a). 
Radiometric dating of a plant macrofossil, 0.01 m below the upper contact of the 
buried soil, produced an age estimate of 6790-7140 cal. yrs. BP. A plant macrofossil 
that was 0.12 m below the upper contact yielded an age of 6950-7170 cal. yrs. BP.
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Table 2.1 
Radiocarbon and calibrated ages for samples from Pulot and Seudu.  
Location & 
Core ID Sample ID Lab code Material Core depth (m) δ13C 14C BP (1σ) Cal. yrs. BP (2σ) 
Pulot (C3) PU07C03265 Beta-236194 Wood 2.65-2.66 -28.3 5090 (±) 40 5740-5920 
Pulot (C3) PU07C03410 OS-79207 Gastro* 4.10-4.12 -7.15 5770 (±) 30 5870-6420 
Pulot (C3) PU07C03426 Beta-236192 Wood 4.26-4.27 -25.8 6060 (±) 40 6790-7140 
Pulot (C3) PU07C03437 Beta-236193 Wood 4.37-4.38 -26.5 6160 (±) 40 6950-7170 
Seudu (C12) PF07C12467 Beta-236191 Wood 4.67-4.68 -28.2 6690 (±) 50 7470-7660 
• Gastropod sample was calibrated using a ∆ R value of 33 ± 127 
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Figure 2.4. Pollen abundances for Pulot and Seudu, all taxa > 2% of any one sample 
are included. Concentration is based on the use of a Lycopodium tablet as an aliquot. 
Pollen are divided into representative taxa of mangrove, non-mangrove 
environments and freshwater spores. 
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The soil is abruptly overlain (contact < 1 mm) by a 0.11 m thick sand. The sand 
deposit includes low concentration, mixed tropical forest and mangrove pollen and 
calcareous foraminifera (Figure 2.5). In many cases the foraminifera have undergone 
diagenesis, dissolution or are broken. The high diversity assemblage includes 
intertidal (Quinqueloculina sp., Ammonia aoteana, and Ammonia tepida) and inner 
shelf (Asterorotalia gaimardi, Asterorotalia milletti, Pararotalia venusta, Pararotalia 
nipponica, Nonionella sp.) taxa (Loeblich and Tappan, 1994). The sand is indicative 
of a tsunami deposit both because of its position above the buried soil (Atwater and 
Hemphill-Haley, 1997) and because of the mixed offshore and onshore source 
environments (Dawson et al., 1996).  
 
The inferred tsunami deposit grades upward into a silty-clay with very fine sand 
(4.14-4.08 m). Mixed tropical forest taxa are absent in the low concentration pollen 
assemblage (Figure 2.4). The pristine foraminifera (Figure 2.5) show an increase in 
intertidal taxa, specifically Ammonia, Elphidium and Quinqueloculina, taxa that 
inhabit modern tidal flats of Indonesia (Horton et al., 2007b) and other tropical 
environments (Woodroffe, 2009). The inference of a tidal flat depositional 
environment is supported by the identification of numerous whole specimens of the 
intertidal gastropod Cerithidea cingulata (Rao and Sukumar, 1982). Cerithidea 
cingulata is found in greatest abundance in tidal flat environments between mean 
high water (MHW) and mean low water (MLW). A Cerithidea cingulata shell 
immediately above the tsunami sand gave an age estimate of 5870-6420 cal. yrs. 
BP.  
 
A very similar stratigraphy to Pulot was found at Seudu (Figure 2.3, Figure 2.4, and 
Figure 2.5). At the base of the core (4.73-4.59 m depth) is a soil that yielded a high
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Figure 2.5. Foraminiferal assemblages at Pulot and Seudu. Taxa included are greater 
than 2% in any one sample.  
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concentration of mangrove pollen, which is dominated by Brugeria/Ceriops with 
Excoecaria, rather than Rhizophora. These mangrove taxa are also typical of mature 
mangroves at the landward edge of the intertidal zone (Yulianto et al., 2005; 
Engelhart et al., 2007). The maximum age of soil burial, based on a sample 0.08 m 
below the upper contact, is 7470-7660 cal. yrs. BP. A sharp contact (< 1 mm) 
separates the mangrove soil from a 0.14 m thick very fine sand unit. This sand 
contains similar mixed microfossil assemblages of tropical forest pollen and abraded, 
inner shelf and intertidal foraminifera as recorded at Pulot. The sand is overlain with 
a diffuse contact by a fine sand silty-clay deposit (4.45-4.41 m). The mangrove 
pollen are low in concentration and the mixed tropical forest taxa are absent. The 
well-preserved foraminiferal assemblage is dominated by intertidal species such as 
Ammonia sp. and Triloculina tricarinata (Loeblich and Tappan, 1994). In contrast to 
Pulot, we do not find any whole specimens of Cerithidea cingulata, but rather their 
fragments in a shell hash. 
 
We suggest that bioturbation is minimal at Pulot and Seudu due to the rapid 
deposition of sediment following soil burial. This inference is supported by the 
absence of burrow structures and the comparable depth boundaries of lithologic units 
and microfossil assemblages.  
 
2.5 PALEOSEISMIC ARCHIVES OF ACEH PROVINCE 
Our observations support the interpretation that the coastal plain of the west coast 
of Aceh Province harbors stratigraphic evidence for regional coastal subsidence due 
to great plate boundary earthquakes. The stratigraphy of the lower buried soil 
satisfies criteria of Nelson et al. (1996) to distinguish coseismic subsidence from all 
other seismic (Cochran et al., 2007) and aseismic processes (Horton et al., 2005a): 
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the lower buried mangrove soil is laterally consistent along at least 25 km of 
coastline; there is evidence of a concurrent tsunami with the submergence of the 
buried soil; radiocarbon dates on the buried soil are broadly synchronous between 
Pulot and Seudu; abrupt contacts and microfossil assemblages at both study sites 
suggest sudden submergence; and the submergence is sufficiently lasting to convert 
the depositional setting from higher to lower intertidal environments.  
 
The presence of Cerithidea cingulata shells (or hash) in the silty-clay immediately 
above the tsunami sand indicates continuous sediment accumulation following soil 
burial. Cerithidea cingulata is opportunistic, meaning it is one of the first species to 
occupy an environment, and dominates tidal flat environments within days/weeks of 
disturbance events (Lu and Wu, 2007). For example, a colonizing species was found 
in Thailand only one month after inundation by the tsunami propagated by the 2004 
Aceh-Andaman earthquake (Sri-Aroon et al., 2006), and it was the primary 
inhabitant (>400 specimens per m2) in the modern tidal flats at our field sites five 
months after the 2004 Aceh-Andaman earthquake and tsunami.  
 
We used pollen, foraminifera and gastropod data to quantify coseismic subsidence 
(Figure 2.6). The preseismic elevation of the mature mangrove buried soil is between 
MHW and HAT. A regional tide model (Egbert and Erofeeva, 2002) estimates the 
MHW-HAT range to be 0.4 ± 0.1 m MTL, because at Pulot and Seudu, HAT is 0.6 m 
above MTL and MHW is 0.3 m above MTL. The postseismic elevation of the intertidal 
silty-clay deposit is between MHW (0.3 m MTL) and MLW (-0.3 m MTL). Taking the 
upper and lower limits of tidal elevation for mangroves and intertidal environments 
respectively, the amount of coseismic subsidence is 0.4 ± 0.3 m, which is 
comparable to observations (~0.6 m in northwestern Sumatra) on the same coast
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Figure 2.6. Summary of stratigraphic data of the lower buried soil sequence at (A) 
Pulot and (B) Seudu. Paleoelevation estimates for the preseismic environment are 
calculated by the pollen data and estimates for the postseismic environment are 
calculated from the foraminiferal and gastropod data. Tidal levels: HAT = highest 
astronomical tide; MHW = mean high water; MTL = mean tide level; and MLW = 
mean low water. The stratigraphy is drawn using the Troels-Smith (1955) 
classification. Radiocarbon ages are expressed as a calibrated age range. 
Constrained Incremental Sums of Squares cluster analysis (CONISS) of the 
microfossil data are shown. 
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occasioned by the 2004 Aceh-Andaman earthquake (Subarya et al., 2006; Chlieh et 
al., 2007). 
 
Radiocarbon age estimates constrain the age of the paleoearthquakes to the early 
Holocene and we did not find evidence for younger buried soils. We estimate that our 
paleoseismic chronology and the absence of evidence for mid- to late-Holocene 
buried soils are related to the Holocene RSL history of the region. Northern Sumatra 
is located near the equator (ca. 5° N), which classifies it as a far-field location in 
relative sea-level (RSL) studies (Horton et al., 2005b). Far-field locations are 
characterized by rapid RSL rise during the early Holocene, a mid-Holocene high 
stand, and a late Holocene RSL fall due to equatorial ocean siphoning (Mitrovica and 
Peltier, 1991).  
 
RSL rise in the early Holocene created the accommodation space needed to preserve 
the paleoearthquake buried-soil sequences. The age of the upper buried soil (ca. 
5500-6000 yrs BP) at our field sites is older than a mid-Holocene high stand in 
southeast Asia (Mitrovica and Peltier, 1991; Horton et al., 2005a; Woodroffe and 
Horton, 2005). We propose that late Holocene RSL fall does not provide the 
accommodation space needed to preserve coseismic stratigraphic sequences. Thus, 
subsidence events likely are not preserved after the mid-Holocene high stand in far-
field locations. 
 
2.6 CONCLUSIONS  
Investigations of subsidence stratigraphy, employed to discern evidence of 
subduction zone earthquakes, are applicable to the tropics. We investigated a buried 
soil from the coastal plain west of Aceh Province in detail and conclude that this soil 
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coseismically subsided by a paleoearthquake that occurred 6500-7000 cal. yrs. BP. 
The amount of subsidence, 0.4 ± 0.3 m, is constrained by the abrupt change from a 
mangrove to a tidal flat environment, which was determined by pollen, foraminifera 
and gastropod sea-level indicators. The coseismic subsidence was immediately 
succeeded by a tsunami. Our stratigraphic record of coseismic subsidence holds 
promise to extend the record of paleoearthquakes in the early Holocene. However, 
we infer that subsidence stratigraphy may not reveal buried soils of the latter part of 
the Holocene because during that time period, RSL was stable or falling, thus 
precluding the creation of accommodation space for the preservation of subsided 
soils. 
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CHAPTER THREE: The application of an opportunistic 
gastropod, Cerithidea cingulata (Gmelin, 1791), as a sea-
level indicator in paleoseismic studies2  
 
3.1 ABSTRACT 
We used the gastropod Cerithidea cingulata (Gmelin, 1791) to determine the age 
and elevation of the land surface directly following coseismic subsidence and tsunami 
deposition generated by a megathrust paleoearthquake in Aceh Province, Northern 
Sumatra. Our data, collected after the 2004 Aceh-Andaman earthquake and tsunami, 
reveal that the distribution of C. cingulata is restricted to between mean high water 
(MHW) and mean low water (MLW). Furthermore it is a colonizing species, with 
standing crops of >400 individuals per m2, often the first invertebrate to return to 
the intertidal zone after a tsunami. These characteristics suggest that if this species 
is found above a seismically-generated tsunami deposit that there may be no breaks 
of greater than a few weeks in tidal sedimentation between the tsunami deposit and 
overlying interseismic deposit. In order to calibrate the radiocarbon age of a fossil C. 
cingulata, we determined a regional species-specific correction to the marine 
reservoir effect (ΔR) from eleven shells that were collected across southeast Asia 
before 1950. The ΔR is 33 ± 127 years with the variability most likely due to 
oceanographic and hydrologic factors.  
 
                                           
2 Manuscript expected to be submitted to Palaeogeography, Palaeoclimatology, Palaeoecology 
as Grand Pre, C.A., Horton, B.P., Rosenberg, G., Southon, J., Hawkes, A., Kelsey, H., Rubin, 
C., Culver, S.J., The application of an opportunistic gastropod, Cerithidea cingulata (Gmelin, 
1791), as a sea-level indicator in paleoseismic studies.  
 42 
We applied the modern elevational relationship of C. cingulata (known as the 
indicative meaning) and the ΔR value to a fossil C. cingulata extracted from intertidal 
mud of a paleoseismic stratigraphic sequence at Aceh Province. In combination with 
elevation and age determinations from a buried soil, we provide a coseismic 
subsidence estimate of 0.4 ± 0.3 m for a megathrust paleoearthquake that occurred 
ca. 6500-7000 cal yr. BP.  
 
3.2 INTRODUCTION 
Records of relative sea-level (RSL) change archive the response of the Earth’s 
surface to the earthquake deformation cycle (Satake and Atwater, 2007; Nelson et 
al., 2008). This cycle is typically represented by a unique series of instantaneous RSL 
rises (coseismic land subsidence) interspersed between extended periods of RSL fall 
(interseismic strain where land uplift exceeds the rate of eustatic sea-level rise). This 
pattern is preserved in coastal wetland sediments as a suite of buried peat-mud 
couplets. Coseismic subsidence lowers wetland soils into the intertidal zone and 
these become organic-rich “buried soils” overlain by organic-poor clastic intertidal 
sediment (Leonard et al., 2010). During a sufficiently long interseismic period, 
gradual uplift and sediment accumulation elevates the wetland surface back to the 
higher intertidal/upland zone, facilitating the development of a new organic-rich soil 
(Leonard et al., 2010). These processes have produced geologic evidence of 
paleoearthquakes in the salt marshes of Cascadia (e.g., Atwater et al., 2005; Nelson 
et al., 2008), Alaska (e.g., Hamilton and Shennan, 2005), Chile (e.g., Cisternas et 
al., 2005), Japan (e.g., Sawai et al., 2004b), New Zealand (e.g., Hayward et al., 
2004) and now along northern (Grand Pre et al., in preparation) and western 
Sumatra (Dura et al., submitted). 
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Here we use the gastropod Cerithidea cingulata (Gmelin, 1791) to determine the age 
and elevation of the land surface directly following coseismic subsidence and tsunami 
deposition. In order to use C. cingulata as a sea-level indicator, we defined the 
relationship to a tidal datum, known as the indicative meaning (Shennan, 1986; van 
de Plassche, 1986), from a modern intertidal environment of the Aceh Province that 
was inundated by the 2004 Aceh-Andaman tsunami. We compared our findings with 
other distributional studies of the gastropod and supported our assertions with 
foraminiferal and lithological analyses. To accurately calibrate age estimates of fossil 
samples of C. cingulata, we determined the local and species-specific marine 
reservoir correction (e.g., Ingram and Southon, 1996) from eleven samples collected 
before 1950 from intertidal environments across southeast Asia. C. cingulata is an 
opportunistic species that colonizes an intertidal environment directly following a 
disturbance (Zajac and Whitlatch, 1982; Whitlatch and Zajac, 1985), including the 
2004 Aceh-Andaman tsunami (e.g., Sri-Aroon et al., 2006; Harada et al., 2007; 
Fujioka et al., 2008; Sri-Aroon et al., 2010). Therefore, we were able to investigate 
the value of the species as an indicator of environmental change.  
 
Finally, we applied our indicative meaning and radiometric calibration of C. cingulata 
to a fossil sample from stratigraphic sequences from Aceh Province to estimate the 
amount of coseismic subsidence and to constrain the timing of a paleoearthquake 
that we identified from the coastal plain of Aceh Province, Sumatra (Grand Pre et al., 
in preparation). Finding a significant number of C. cingulata shells within a 
stratigraphic unit located above a tsunami deposit implies that there were no 
significant temporal unconformities between coseismic subsidence and the overlying 
postseismic depositional unit. 
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3.3 STUDY AREA 
The 2004 Aceh-Andaman earthquake on the Sunda megathrust has already provided 
a wealth of data on coseismic and postseismic land-level displacements associated 
with the Sunda megathrust rupture (Briggs et al., 2006; Meltzner et al., 2006; 
Subarya et al., 2006; Chlieh et al., 2007). During the 2004 Aceh-Andaman 
earthquake, a ~1600-km stretch of the Sunda megathrust ruptured along the 
Australian and Indian plates producing a magnitude Mw = 9.0-9.3 earthquake 
(Meltzner et al., 2006). The earthquake and resulting tsunami were unprecedented in 
Acehnese history (Subarya et al., 2006) and produced ca. 0.6 m of coseismic 
subsidence in Aceh Province, (Meltzner et al., 2006; Subarya et al., 2006; Chlieh et 
al., 2007). The coastal plain of Aceh Province (Figure 3.1A) provides an opportunity 
to inquire whether earthquakes of comparable magnitude have occurred in the past 
and how these paleoseismic events compare to the 2004 earthquake.  
 
We selected Seudu, ca. 20 km to the southwest of Aceh Province to document the 
modern distribution of C. cingulata, because the intertidal zone had minimal cleanup 
or disturbance following 2004 earthquake and tsunami (Figure 3.1B). The field site 
was originally used for shrimp farming, which was destroyed by the 2004 event 
(Medrilzam et al., 2005; Kanagaratnam et al., 2006). The tsunami reached 
maximum wave heights of 35 m in the Aceh province (Yalciner et al., 2005; Tsuji et 
al., 2006) and deposited coarse-grained sand (0.08-0.25 m in thickness, Grand Pre 
et al., in preparation) in the shrimp ponds of Seudu. When we visited the field site 5 
months after the earthquake, a thin veneer of mud (fine sand, silt, and clay) 
containing high numbers of C. cingulata had formed above the tsunami deposit. C.
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Figure 3.1. (A) Regional and local location maps of Seudu and Pulot, the field sites in 
northern Sumatra. (B) Images of the Seudu field site before and after the 2004 
Aceh-Andaman earthquake and tsunami show changes in vegetation and local 
geomorphology. The modern data were collected across a transect of 13 stations, 
denoted by a dashed white line. Satellite images were taken on February 28th, 2003, 
and February 1st, 2005.  Images were displayed in Google Earth© version
 
5.2.1.1329 
(beta), and provided by TeleAtlas©, Map Data© and DigitalGlobe©, all copyrights 
2010.  
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cingulata was not found in the underlying tsunami deposit (Hawkes and Horton, in 
preparation). The mean tidal range at Seudu is 0.6 m (Table 3.1).  
 
A field site at Pulot was selected for the stratigraphic investigation of 
paleoearthquakes and tsunami. The site, ca. 2.5 km north of Seudu, is protected 
from open-ocean waves and has had minimal fluvial input. We found stratigraphically 
consistent evidence for two paleoearthquakes and two buried soil horizons, each 
overlain by coarse-grained sand capped by fine-grained intertidal mud. The two 
buried soils were separated by 1-3 m of silty clay and clayey silt. In this paper we 
concentrate the lower buried soil, where a 0.02 m layer of C. cingulata shells was 
found at the base of the intertidal mud.  
 
3.4 METHODS  
3.4.1 SAMPLING AND ELEVATION MEASUREMENTS  
In May of 2005 we collected 10 cm3 (10 cm2 x 1 cm depth) of surface sediment 
samples at Seudu to determine lithologic character and the distribution of C. 
cingulata and benthic foraminifera across 13 stations of a transect with elevations 
between highest astronomical tide (HAT) to below lowest astronomical tide (LAT). 
The concentration of individuals of C. cingulata was estimated based on the standing 
crop in a 1m2 surface quadrant at each station. The elevations of stations and cores, 
were calculated in meters relative to mean tide level (MTL) by continuously 
measuring the local tides over several days with a digital level. We computed the 
elevations all other tidal levels relative to MTL using the Oregon State University 
(OSU) regional inverse tidal solution (Egbert and Erofeeva, 2002) and the software 
package NLOADF (Agnew, 1997).  
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Table 3.1  
The tidal datums, abbreviations, and descriptions defined by the Admiralty Tide 
Tables of the United Kingdom (U.K. Hydrographic Office, 2004) and the National 
Oceanographic and Atmospheric Association of the United States (NOAA, 2001). The 
elevation of each datum (relative to MTL) and the mean range of tide are measured 
in meters.  
 
Tidal datum Abbreviation 
Elevation 
relative to MTL 
(m) 
Description 
Highest 
astronomical tide HAT 0.6 
The highest tidal height predicted from the result of 
maximum astronomical and typical meteorological 
forcing 
Mean high water MHW 0.3 The average of all daily high water heights over a standard time 
Mean lower high 
water MLHW 0.1 
The average of the lower high water height of each 
mixed tidal day over a standard time 
Mean tide level MTL 0.0 The average of mean high water and mean low water 
Mean higher low 
water MHLW -0.1 
The average of the higher low water height of each 
mixed tidal day over a standard time 
Mean low water MLW -0.3 The average of all daily low water heights over a standard time 
Lowest 
astronomical tide LAT -0.5 
The lowest tidal elevation predicted from the result 
of minimum astronomical and typical meteorological 
forcing 
Mean range of 
tide MN 0.6 
The difference between mean high water and mean 
low water 
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We explored the stratigraphy of Pulot using hand-coring equipment. Cores were 
taken approximately every 25 m along several transects either parallel or 
perpendicular to the coast. The stratigraphy was described using the Troels-Smith 
(1955) system of classification. We selected one core (C12) for further analysis.  
 
3.4.2 Cerithidea cingulata 
In the modern samples and in core C12, individual specimens of C. cingulata were 
cleaned and isolated from the sediment matrix. Identification was confirmed (Plate of 
APPENDIX II) by comparisons with specimens from the Academy of Natural Sciences, 
Philadelphia, Pennsylvania. The genus Cerithidea has undergone many taxonomic 
changes; Thiele (1929) divided the genus Cerithidea into the subgenera Cerithidea 
(Cerithidea) and Cerithidea (Cerithideopsis), and then further divided Cerithideopsis 
into Cerithideopsis sensu stricto and Cerithideopsilla. Subsequent workers have 
treated Cerithideopsilla as a subgenus of Cerithidea, and occasionally as a full genus. 
Houbrick (1984) confirmed the subdivision of Cerithidea into three subgenera: 
Cerithidea (Cerithidea) and Cerithidea (Cerithideopsis) and Cerithidea 
(Cerithideopsilla). 
 
DNA studies by Reid et al. (2008) have suggested that the three subgenera do not 
form a monophyletic group, and so raised Cerithideopsis and Cerithideopsilla to full 
generic rank. In the only revision of the species of Cerithideopsilla, Altena (1940) 
recognized four recent species: Cerithidea (Cerithideopsilla) cingulata (Gmelin, 
1791), C. (C.) djadjariensis (Martin, 1899), C. (C.) alata (Philippi, 1849), and C. (C.) 
microptera (Kiener, 1842). Reid et al. (2008) showed that C. (C.) cingulata is a 
species complex that cannot always be reliably identified on the basis of shell 
morphology. The type locality of C. (C.) cingulata is Tranquebar (Gmelin, 1791), 
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which is now known as Tharangambadi (Nagapattinam District, Tamil Nadu, India), 
in the southern Bay of Bengal. Since the Aceh region of northern Sumatra is on the 
Andaman Sea, which is adjacent to, and faunally similar to the Bay of Bengal, it is 
likely that the fossil samples are true C. (C.) cingulata, so that name is used here.  
3.4.3 FORAMINIFERA AND LITHOLOGY 
The foraminiferal sample collection followed the protocol of Horton and Edwards 
(2006). We did not, however, use a staining technique to identify live specimens or 
fix the sample with preservative (because of import restrictions in the United States). 
Thus, the foraminiferal data are expressed as a total (live plus dead) assemblage 
(Scott and Medioli, 1978). We employed a heavy liquid floatation technique 
(Munsterman and Kerstholt, 1996) to concentrate and separate the foraminifera 
from the sediment of the modern samples and fossil sequences.  
 
Foraminifera were identified to the species level where possible (Plate of APPENDIX 
II) through comparison with primary type specimens held in the Cushman Collection 
at the Smithsonian Institution, Washington, D.C. and The Natural History Museum, 
London. Abundant foraminifera species were grouped together by genus in order to 
simplify figures. Ammonia spp. contains mostly A. aoteana, but also small 
percentages of A. tepida; Asterorotalia spp. includes A. gaimardi and A. milletti; 
Elphidium spp. includes E. advenum, E. mortonbayensis, E. neosimplex, E. cf. E. 
neosimplex, E. reticulosum, and Elphidium sp.; Pararotalia spp. includes P. 
domantayi, P. nipponica, and P. venusta; and Quinqueloculina spp. includes six 
morphologically distinct taxa not identified to the species level. Species diversity was 
calculated using the Shannon Diversity Index (Shannon, 1948). We designated 
foraminiferal samples with a Shannon Index of 0.0 through 4.9 to represent a 
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relatively lower diversity and samples with values from 5.0 through 9.0 to represent 
a relatively higher diversity. 
 
We analyzed the grain size and organic content for both the samples of the modern 
transect and core C12. We expressed the grain size characteristics as percent sand 
fraction (Wentworth, 1922) to identify the coarser grained sedimentary units 
associated with tsunami deposition (Dawson et al., 1996). We used both a coulter-
counter laser particle size analyzer (Coulter, 1999), following the procedures of 
Barrett and Brooker (1989) and a Camsizer (Retsch Technology),	   following the 
methods of Donnelly and Woodruff (2007), to analyze grain size. Loss on Ignition 
(LOI) measures the percent of organic material, which is valuable for the 
identification of abrupt soil burial following coseismic subsidence (Nelson et al., 
1996). The preparation for LOI followed the procedures of Ball (1964). 
 
3.4.4 RADIOMETRIC ANALYSIS OF THE MARINE RESERVOIR EFFECT 
To calculate the local ΔR of the marine reservoir effect we collected eleven “pre-
bomb” (ca. 1950) C. cingulata shells from southeast Asia (including Aceh province) 
and the Great Barrier Reef, Australia (Table 3.2). Nuclear testing after ca. 1950 
results in artificially high 14C values in the modern ocean surface waters and, 
therefore, any specimens collected later than ca. 1950 should not be used to 
establish ΔR (e.g., Ingram and Southon, 1996). The pre-bomb samples were 
selected from the collection at the Academy of Natural Sciences in Philadelphia, USA 
and the Naturalis National Museum of Natural History in Leiden, Netherlands. 
Paleontologists and members of military personnel stationed internationally collected 
the shells.  
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Table 3.2 
Samples collected before ca. 1950* and their individual ΔR values. Model age (BP) is 
defined as the expected calibrated 14C age from the Marine 09 (Reimer et al., 2009) 
calibration curve given the year the shell was collected. ∆R is the difference between 
the modeled 14C age and the measured 14C age. Average ∆R is reported to one 
standard deviation, which is standard of Stuiver et al. (1986). 
UCIAMS # Sample location Year collected δ13C (‰) δ14C (‰) 14C age (BP) Model Age (BP) ∆R 
83729 Aceh, Sumatra 1918 -4.6 ± 0.1 -35.0 ± 1.7 285 ± 15 449 -164 
79022 Philippines 1909 -3.1 ± 0.1 -44.2 ± 1.6 365 ± 15 448 -83 
83730 Aceh, Sumatra 1930 -7.9 ± 0.1 -49.6 ± 1.7 410 ± 15 449 -39 
79020 Singapore 1885 0.1 ± 0.1 -53.5 ± 1.6 440 ± 15 469 -29 
79018 Singapore 1885 -0.1 ± 0.1 -53.8 ± 1.5 445 ± 15 469 -24 
79024 Philippines 1935 0.5 ± 0.1 -56.6 ± 1.7 470 ± 15 457 13 
83731 Aceh, Sumatra 1918 -3.4 ± 0.1 -57.0 ± 1.6 470 ± 15 449 21 
79023 Australia 1913 0.7 ± 0.1 -57.8 ± 1.7 480 ± 15 448 32 
79025 Indonesia 1940 -4.5 ± 0.1 -79.7 ± 1.6 665 ± 15 460 205 
79021 Sri Lanka 1874 -3.1 ± 0.1 -81.6 ± 1.8 685 ± 20 475 210 
79026 Singapore 1952* -2.5 ± 0.1 -82.0 ± 1.9 690 ± 20 469 221 
Average ∆R = 33 ± 127 
* One shell was collected in 1952, but the large size of the shell indicates the apex 
was secreted pre-1950.  
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To obtain radiometric data, each C. cingulata shell was cleaned with distilled water 
and the surface layers ground with an electric dremel–type (i.e., a rotary) drill. The 
apex of the shell was removed and treated with hydrochloric acid then hydrolyzed to 
carbon dioxide using phosphoric acid following the procedures of Southon et al.
 (2002). Samples were analyzed at the Keck Carbon Cycle Accelerator Mass 
Spectrometry (AMS) Facility at the University of California at Irvine. Radiometric 
dating results were reported following the conventions of Stuiver and Polach (1977).
 
The δ13C values from the gastropods were measured to a precision of <0.1 ‰ 
relative to the PDB standard using a Thermo Finnigan Delta Plus stable isotope ratio 
mass spectrometer (IRMS) with Gas Bench input. We use the δ13C value of the 
dissolved inorganic carbon (Σ DIC) of the shells to estimate the extent of freshwater 
influence. A shell with a Σ DIC value of exactly 0‰ indicates the invertebrate lived 
in a fully marine environment with no marine surface water or freshwater influence. 
Samples with a Σ DIC δ13C value between 1-3 ‰ (more positive) are indicative of a 
marine surface-water influence and values between -15 and 0 ‰ (more negative) 
are indicative of a freshwater influence (Anderson and Arthur, 1983; Boutton, 1991).  
 
The ΔR calculated for each individual sample is the offset between the measured 14C 
age and the corresponding modeled 14C age for the year that shell i was collected: 
 
 ΔRi  = model agei – 14C agei       (eq. 1) 
       
where model age is from the Marine 09 (Reimer et al., 2009) calibration curve for 
shell i and 14C age is the age determined by radiometric analyses of shell i. The error 
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associated with each sample is assumed to be that of the measured 14C age 
(Southon et al., 2002).  
 
To estimate a regional ΔR for southeast Asia we calculated the average of all eleven 
calculated ΔR samples: 
 
ΔRregional = Σ(ΔR1 + ΔR2 + …ΔR N)/N      (eq. 2) 
where N equals the total number of samples.  
 
We calculated the standard deviation σ of the dataset to estimate error associated 
with ΔRregional:  
 
                 (eq. 3) 
 
where N and i are defined in equations 1 and 2, and µ is defined as:  
         (eq. 4) 
 
A radiometric age was obtained for a single C. cingulata shell taken from 4.10-4.12 
m depth in core C12 from Pulot. The specimen was washed and cleaned using the 
same procedure as the modern transect specimens of C. cingulata and was analyzed 
at the National Ocean Sciences AMS Facility. The AMS estimate for the shell date was 
calibrated with the software CALIB (ver. 6.0) (Stuiver and Reimer, 1993) and the 
Marine09 calibration curve (Reimer et al., 2009), corrected with the regional ΔR 
value discussed in this paper.  
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3.5 RESULTS 
Specimens of Cerithidea cingulata are found in the surface samples along the Seudu 
transect at stations 2 to 6 with standing crop of up to ~ 400 individuals per m2 
(Figure 3.2). These stations range in elevation from +0.1 to -0.1 m MTL, which is 
between mean lower high water (MLHW) and mean higher low water (MHLW). No 
specimens were found above or below these tidal levels or in the underlying coarser-
grained tsunami deposit. C. cingulata inhabits a section of the transect with relatively 
lower sand fractions (average of 35%) and higher organic content (greater than 
5%). The foraminiferal assemblages, containing only calcareous species, have a high 
diversity, between 18 and 34 species at each station, and a Shannon Index of 5.9 ± 
1.3. The assemblage is dominated by calcareous intertidal species such as Ammonia 
spp. (23 ± 13%), Quinqueloculina spp. (18 ± 6%) and Elphidium spp. (11 ± 5%) with 
a notable presence of subtidal taxa (e.g., Pararotalia spp., 15 ± 8%) (Loeblich and 
Tappan, 1994; Murray, 2006).  
 
The ΔR and δ13C values for eleven pre-bomb age C. cingulata shells collected 
between AD 1885 and 1952 are shown in Figure 3.3 and Table 3.1. Three of these 
shells were collected from the Aceh Province of Sumatra. The δ13C of the C. cingulata 
shells varied from 0.7 to -7.9‰, indicating the specimens with a more negative 
value had a greater freshwater influence (Anderson and Arthur, 1983; Fry and Sherr, 
1984). The ΔR values varied from -164 to +221 years, which yields an average and 
standard deviation of 33 ± 127 years. The two specimens with most negative values 
of ΔR were from Aceh and the Philippines (-164 and -83 years, respectively). The 
two largest positive values were from Singapore and Sri Lanka (221 and 210, 
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Figure 3.2. (A) Transect (stations 1-13) at Seudu showing the distribution of 
Cerithidea cingulata (number of specimens per/m2) compared to all foraminiferal 
genera comprising greater than 10% of the assemblage in any one sample and the 
elevational profile across the intertidal zone (m MTL). (B) Cerithidea cingulata 
(number of specimens per/m2) compared to foraminiferal species diversity 
(Shannon diversity index), foraminiferal species richness (number of species), loss 
on ignition of the sediment (%), sand fraction of the sediment (%), and the 
elevational profile across the intertidal zone (m MTL). The tide datums relative to 
mean tide level (m MTL) include: HAT = highest astronomical tide; MLHW = mean 
lower high water; MLW = mean higher low water; and LAT = lowest astronomical 
tide. 
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Figure 3.3. ∆R values of Cerithidea cingulata shells from southeast Asia and the 
Great Barrier Reef, Australia, are presented at their geographic location (white 
circles). ∆R values from Southon et al. (2002) and Dutta (2001) are shown (white 
squares).  
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respectively). The range in ΔR values between two samples collected the same year 
from one intertidal environment in Aceh is 21 and -164.  
 
3.6 DISCUSSION 
3.6.1 RECONSTRUCTION OF FORMER SEA LEVEL USING CERITHIDEA CINGULATA 
Critical to the reconstruction of former RSL is the establishment of sea-level index 
points. The concept was developed during the International Global Correlation 
Programme (IGCP) Projects 61 and 200, and is described in ‘The Manual of Sea-level 
Research’ (van de Plassche, 1986), as well as many other papers (e.g., Bloom, 
1977; Tooley, 1982; Shennan and Horton, 2002; Gehrels and Long, 2007; Horton et 
al., 2009b). A sea-level index point possesses the following: a location, which 
consists of its geographical coordinates; an age, that is, commonly measured by 
radiocarbon techniques and expressed as calibrated years before present (AD 1950) 
with 95% confidence limits; and elevation relative to former sea level. 
 
Regarding paleoelevation, few sea-level index points form exactly at mean sea level 
(MSL); indeed they can form at any location within the full tidal range. Thus, in order 
to measure relative sea-level (RSL) change, it is necessary to establish the 
relationship of the dated sample to a tidal datum. This relationship, known as the 
indicative meaning, is illustrated in Figure 3.4 (Shennan, 1986; van de Plassche, 
1986). Since sea-level histories are seldom reconstructed from a single indicator, 
each sample is related to its own contemporary tide level (reference water level) 
such as mean tide level (MTL), mean high water (MHW) or highest astronomical tide
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Figure 3.4. Indicative meaning represented by a schematic showing the vertical 
zones of sea-level indicators such as plants, Cerithidea cingulata, and marine 
invertebrates relative to tidal datums. The indicative range and reference water level 
(the midpoint of the indicative range) define the indicative meaning of any sea-level 
indicator. The tidal levels shown (m MTL) are HAT = highest astronomical tide; MHW 
= mean high water; MTL = mean tide level; MLW = mean low water; and LAT = 
lowest astronomical tide.  
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 (HAT). This permits sea-level index points to be produced from different sea-level 
indicators. The indicative range is the elevational range occupied by the sea-level 
indicator. 
 
We estimate the indicative range of Cerithidea cingulata to be MHW to MLW and the 
reference water level to be (MHW – MLW)/2.  Although C. cingulata was found at 
Seudu within the intertidal zone between MLHW to MHLW, we supplemented this 
single transect with other studies that had sufficient elevational control. Vohra 
(1971) found that C. cingulata lives in high abundance between mean high water 
(MHW) and mean low water (MLW), but with the large adult specimens at higher 
elevations. Rao and Sukumar (1982) confirmed this intertidal distribution in South 
India, but found that the species had the highest standing crop around MTL and 
tended to live more frequently at elevations on the lower side of MTL. Rao and 
Sukumar (1982) and Houbrick (1984) suggest that C. cingulata lives in mudflats 
above lowest astronomical tide but below elevations of mangrove vegetation, which 
is approximately MHW (Horton et al., 2005a). Unlike some fixed biological sea-level 
indicators such as rooted plants or coral reefs affixed to rocks, C. cingulata is a 
migrating invertebrate (Houbrick, 1984) and hence technically able to move freely 
about the intertidal zone. Nevertheless, we assert that the frequency of tidal 
inundation primarily controls the distribution of C. cingulata, as it migrates landward 
when submerged in water and migrates seaward when fully exposed. Populations of 
C. cingulata are both exposed and submerged daily. They migrate to remain around 
mean tide level (Rao and Sukumar, 1982).  
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High standing crops of Cerithidea cingulata at Seudu occur at stations with low 
percentages of sand, indicating that this species prefers muddy intertidal flat 
environments (e.g., Vohra, 1970; Rao and Sukumar, 1982; Houbrick, 1984; Maki et
al., 2002; Ando and Tomiyama, 2005; Plaziat and Younis, 2005). Laboratory 
experiments on C. cingulata suggest that the standing crop decreases drastically in 
substrates that are greater than 75% sand (Rao and Sukumar, 1981). The anatomy 
and phylogeny of C. cingulata reveal that the species is limited to the unvegetated 
mudflats because it has not evolved the special adaptation to the foot needed to 
climb mangrove roots and branches (Reid et al., 2008).  
 
The associated foraminiferal assemblages at Seudu support the estimated indicative 
range of C. cingulata in a recovering intertidal environment. Although the modern 
data were collected from a surface recently inundated by a tsunami and we are 
unable to differentiate between live and dead components, the assemblages 
recovered are comparable to other tropical intertidal environments (Debenay, 2000; 
Horton et al., 2005b; Woodroffe et al., 2005; Murray, 2006). Indeed, they are very 
similar, both in species composition and diversity, to the foraminiferal assemblages 
described by Woodroffe et al. (2005) in the intertidal zone between approximately 
MHW and MLW in Cocoa Creek, Australia. Both our modern data and the data of 
Woodroffe et al. (2005) are dominated by Ammonia aoteana, Pararotalia venusta 
and several species of Quinqueloculina spp.  
3.6.2 THE ESTIMATION OF ΔR FOR CERITHIDEA CINGULATA 
The marine reservoir effect, which must be considered if C. cingulata is to be used as 
a sea-level index point, is the offset between the measured age of atmospheric and 
oceanic carbon (Stuiver et al., 1998; Hughen et al., 2004). Because the ocean is a 
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carbon sink with a long residence time, the ocean waters are depleted relative to the 
atmosphere by ~400 14C years (Ingram and Southon, 1996). The Marine09 (Reimer 
et al., 2009) calibration curve corrects for this global average offset when calibrating 
marine samples. However, variations in local upwelling, atmospheric changes, and 
the extent of freshwater influence cause different regions to be depleted or enriched 
more than the standard 400 14C years correction (Spiker, 1980; Stuiver et al., 1986; 
Stuiver and Braziunas, 1993). The local deviation from the global marine reservoir 
correction is known as ΔR.   
 
We calculated ΔR values from southeast Asian locations (and the Great Barrier Reef, 
Australia). Our dataset supplements the prior work of Dutta et al. (2001) and 
Southon et al. (2002), who calculated ΔR values ranging from +511 to -121 from 
various species of bivalves (e.g., Marcia opima, Pinctada spp., and Timoclea 
cochinensis) and gastropods (e.g., Thais hippocastaneum, and Thais sp.). We did not 
include the previous ΔR estimates of Dutta et al. (2001) and Southon et al. (2002) in 
our regional estimate, because by using only shells of C. cingulata we exclude the 
possible age variability between different species, which Ingram and Southon (1996) 
found to produce a difference of nearly 1,400 years among three different marine 
species from the same stratigraphic horizon. This variation could be due to different 
feeding habits or diets of different organisms or a difference in how the species 
fractionate carbon (Ingram and Southon, 1996). Nevertheless, our ΔR values still 
varied from -164 to +221 years. Indeed, two shells collected in the same year 
(1918) from an intertidal environment in the Aceh Province of Sumatra yield a ΔR 
offset of 185 years (ΔR = -164 and 21). Similarly, Ingram and Southon (1996) found 
a 300-year variability in ΔR within a single estuary.  Intertidal samples are difficult to 
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accurately calibrate because invertebrates incorporate a mix of depleted 14C marine 
water and enriched (or depleted) 14C freshwater into their shells (Ingram, 1998; 
Hughen et al., 2004; Reimer et al., 2009). The factors that would alter the 14C of 
fresh and intertidal waters include: the age, chemical composition and weathering of 
the bedrock; changes in the frequency, intensity and volumes of precipitation; the 
circulation and residence time of freshwater within the intertidal zone and 
groundwater table (Little, 1993; Stuiver and Braziunas, 1993; Ingram and Southon, 
1996; Kennett et al., 1997; Ingram, 1998).  
 
Given the intra- and extra-intertidal variability within our dataset and elsewhere 
(e.g., Ingram and Southon, 1996; Ingram, 1998; Kennett et al., 2002; Southon et 
al., 2002), we include all eleven samples. By limiting our estimate to a single species 
we are restricting our errors to those pertaining to the hydrologic and oceanic 
factors, increasing the precision of the calibration. The combination of the eleven 
samples yields a regional ΔR from pre-bomb shells of C. cingulata of 33 ± 127 years.  
3.6.3 THE PALEOGEODETIC APPLICATION OF CERITHIDEA CINGULATA 
The core at Pulot reveals rapid changes in RSL associated with coseismic subsidence 
produced during a megathrust earthquake (Figure 3.5). Litho- and biostratigraphical 
investigations identify a buried mangrove soil from depths 4.40-4.24 m abruptly 
overlain by a sand deposit of tsunami origin, indicated by a mixed assemblage of 
freshwater and mangrove pollen combined with intertidal and subtidal foraminiferal 
assemblages (e.g., Dawson et al., 1996), covered by an intertidal mud that was 
identified by the presence of the intertidal gastropod Cerithidea cingulata (see 
chapter two for details). The mangrove pollen assemblages within the buried soil are 
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Figure 3.5. (A) Schematic diagram showing deformation associated with a 
subduction zone (modified from Horton et al., in prep). (B) Simplified tectonic map 
of Sumatra and the field site at Pulot. The extent of paleorupture of the 2004 Aceh-
Andaman Earthquake is highlighted in orange (Meltzner et al., 2006). Plate motions 
are from Briggs et al (2006). Satellite images of Pulot were taken February 28th, 
2003, and on February 1st, 2005 to show vegetation extent before and after the 2004 
Aceh-Andaman tsunami. Numbered white circles designate the cores taken across 
the Pulot field site. Satellite images were displayed in Google Earth© version 
5.2.1.1329 (beta), and provided by TeleAtlas©, Map Data© and DigitalGlobe©, all 
copyrights 2010. (C) Cross-sectional profile along the cored transect at Pulot. Both 
paleoseismic sequences are stratigraphically continuous and located behind an 
aggrading beach sequence. A 0.01-0.02 m layer of Cerithidea cingulata shells is 
found in nearly every core, overlying the tsunami sand deposit. The thickness of the 
deposits are not to scale (D). Stratigraphic data at Pulot (core C12) indicating 
coseismic subsidence. Details include the litho-, chrono- and biostratigraphy, 
inferred paleoelevations (m MTL) and the total amount of subsidence (m). The tidal 
levels shown (m MTL) are HAT = highest astronomical tide; MTL = mean tide level; 
MHW = mean high water; and MLW = mean low water. Radiocarbon age estimates 
are given in stratigraphic position and calibrated to 2σ.  
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dominated by Rhizophora, which suggests it formed in a mature mangrove 
environment between Highest Astronomical Tide (HAT) and MHW (e.g., Horton et 
al.,2005a; Yulianto et al., 2005; Engelhart et al., 2007; Horton et al., 2007a). We 
estimate the reference water level of the preseismic elevation to be 0.4 m MTL (HAT 
is 0.5 m MTL and MHW is 0.3 m MTL) with an indicative range of ±0.1 m. The 0.11 
m thick tsunami sand deposit (Figure 3.5) is overlain by an intertidal mud from the 
depth 4.14-4.08 m with whole specimens of C. cingulata at the base of this horizon 
(4.14-4.12 m). 
 
We consider the depositional environments recorded in the core at Pulot to be 
analogous to those along the modern transect at Seudu. In both environments C. 
cingulata is only found within a mud that overlies sand. Indeed, the sand fraction 
(30% and 35%, respectively) and average organic content of the muds (3% and 8%, 
respectively) are very similar. Further, the foraminiferal assemblages at Pulot
are dominated by the same intertidal and subtidal taxa found in Seudu (Ammonia 
spp., Elphidium spp., and Pararotalia spp.). Therefore, we are able to apply the 
indicative meaning of C. cingulata from the modern transect at Seudu to the Pulot 
core; that is, an indicative range of MHW to MLW (±0.3 m), with a reference water 
level of (MHW – MLW)/2 (0.0 m MTL). From these observations the estimate of 
subsidence is 0.4 ± 0.3 m, which is calculated by subtracting preseismic from the 
postseismic paleoelevation. By comparison, coseismic subsidence during the 2004 
Aceh-Andaman earthquake amounted to ca. 0.6 m on Aceh’s west coast (Subarya et 
al., 2006; Chlieh et al., 2007). 
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We constrained the age of the coseismic event by dating a wood fragment 0.02 m 
from the top of the preseismic buried soil contact and a C. cingulata shell 
immediately above the contact of the postseismic and tsunami deposit. We calibrated 
the maximum age of the preseismic unit to be 6790-7140 cal. yr. BP. We applied the 
regional ΔR correction (33 ± 127 years) to the marine calibration curve (Reimer et 
al., 2009), which produced a minimum age for the C. cingulata specimen, located 
above the tsunami deposit, and on the postseismic surface, of 5870-6420 cal. yr. BP. 
The two age estimates are stratigraphically consistent and suggest a 
paleoearthquake occurred between 6500 and 7000 cal. yrs. BP.  
 
3.6.4 EVALUATING THE STRATIGRAPHIC RECORD AFTER A PALEOEARTHQUAKE  
One concern about using stratigraphic methods to reconstruct coseismic and 
immediately postseismic land-level changes is that too little tidal sediment may be 
deposited in the first few weeks following coseismic movements (Brown et al., 1977; 
Savage and Plafker, 1991; Hemphill-Haley, 1995; Nelson et al., 1995; Sabean, 
2004). We can address this potential problem with the presence of Cerithidea 
cingulata because it is an opportunistic species (Whitlatch and Zajac, 1985) that 
rapidly colonizes and dominates recently disturbed environments. For example, 
Cerithidea cingulata was recorded colonizing intertidal environments one year after 
the ecological disaster of the Gulf War oil spill in Saudi Arabia (Jones et al., 1998) 
and one month after the 2004 Aceh-Andaman tsunami in Thailand (Sri-Aroon et al., 
2006; Harada et al., 2007; Fujioka et al., 2008; Sri-Aroon et al., 2010). We found it 
to be the dominant intertidal invertebrate in Seudu by the spring of 2005. Cerithidea 
cingulata is defined as opportunistic because it is often the first invertebrate to 
recolonize, and the number of individuals is often two or three times larger in a 
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recently disturbed environment than in an established intertidal environment 
(Whitlatch and Zajac, 1985). As the environment begins to recover more species of 
invertebrates begin to inhabit the area and the relative number of Cerithidea 
cingulata decrease (Dayton, 1971; Sri-Aroon et al., 2006; Harada et al., 2007). 
 
Finding Cerithidea cingulata in the modern intertidal deposit immediately after the 
2004 Aceh-Andaman earthquake and tsunami, and in sediment above a paleo-
tsunami deposit provides an indication that the postseismic sediment was preserved 
soon after the paleoearthquake event. The ability of Cerithidea cingulata to colonize 
a new environment within one month gives little time for postseismic rebound to 
occur (Wang et al., 2006), thus suggesting that postseismic land-level changes have 
not been incorporated in our estimates of coseismic subsidence. This assertion is 
supported by Guilbault et al. (1996), Hughes et al. (2002) and Nelson et al. (2008), 
who inferred that no breaks in tidal sedimentation greater than a few weeks occur 
following great earthquakes and accompanying tsunamis, if a tsunami deposit 
overlies a buried soil, and if the tsunami grades upward into tidal mud with no 
identifiable disconformities.  
 
3.7 CONCLUSIONS 
We show that Cerithidea cingulata is a reliable sea-level index point in paleoseismic 
studies. Its indicative meaning is defined between MHW and MLW in tropical 
intertidal environments. We produced a regional and species-specific ΔR (33 ± 127 
years) by analyzing eleven samples of C. cingulata collected before 1950 from across 
southeast Asia, which we used to calibrate the radiometric age estimate of a fossil C. 
cingulata. Because C. cingulata is opportunistic, it is useful in defining the intertidal 
environment after a tsunami or other natural disaster. We confirmed the usefulness 
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of C. cingulata in paleoseismic studies using its presence in a core from northern 
Sumatra to identify the postseismic land surface, to estimate the minimum age of 
subsidence, and to assess the completeness of postseismic sedimentation of an early 
Holocene paleoearthquake.  
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CHAPTER FOUR: Ecological and geomorphic evolution of a 
hurricane overwash deposit on Ocracoke Island, North 
Carolina3 
 
4.1 ABSTRACT 
Hurricane Isabel deposited overwash sand on a back-barrier salt marsh of Ocracoke 
Island, North Carolina on September 18th 2003. At the time of deposition, the fan 
extended 120 m from the constructed dunes across the salt marsh surface to the 
water’s edge of Pamlico Sound. The addition of ~65 m2 of sand to the profile of a 
study transect elevated the overwash deposit to an average of ~0.60 m above mean 
higher high water (MHHW). Time series data collected between May 2004 and 
October 2010 reveal that marsh foraminifera and plants did not recolonize and 
persist on the side of the transect closest to Pamlico Sound until the overwash 
deposit had been eroded to an elevation within the intertidal zone, below MHHW 
(0.12 m MTL). Once this elevation with respect to the tidal frame was crossed, 
recolonization by vegetation and foraminifera occurred in less than one year. As of 
October 2010, ~50 m2 (80%) of the overwash sediment had been removed from the 
transect. The sample location nearest to Pamlico Sound is currently a salt marsh 
dominated by Spartina alterniflora and abundant living foraminifera such as 
Arenoparrella mexicana, Tiphotrocha comprimata, and Trochammina inflata. The 
remaining portion of the transect ca. 0.10 m above MHHW is vegetated by the high-
                                           
3 Manuscript expected to be submitted to Proceedings of the National Academy of Science as 
Grand Pre, C.A., Horton, B.P., Jerolmack, D.J., Culver, S.J., Ecologic and geomorphic evolution 
of a hurricane overwash deposit on Ocracoke Island, North Carolina. 
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marsh species Spartina patens and contains an unusual assemblage of foraminifera 
dominated by the calcareous taxon Trichohyalus aguayoi, which has not previously 
been recorded north of Georgia on the U.S. Atlantic Coast. 
 
Overwash erosion was episodic, occurring mainly in years 2004-2005 and 2009-
2010. We suggest that wind eroded sediment in 2004-2005 and storm-driven tides 
eroded the sediment in 2009-2010. The removal of much of the overwash sand 
suggests that the stratigraphic record of storm-driven overwash in salt marsh 
environments is likely under-representative of the actual number of events. This 
result has implications for paleotempestology.   
 
4.2 INTRODUCTION 
The relationship between global warming and the frequency and/or intensity of 
hurricanes is the subject of debate (e.g., Emanuel, 2005; Landsea, 2005; Pielke, 
2005; Trenberth, 2005; Landsea, 2007; Mann et al., 2007; Knutson et al., 2010). 
Emanuel (2005) used destructiveness as a proxy to demonstrate that storminess has 
increased over the last 30 years and Trenberth (2005) plotted the Accumulated 
Cyclone Energy index (ACE), developed by Levinson (2005), to show an increase in 
hurricane activity from 1995-2004, attributing the change to an increase in sea 
surface temperature (SST). But others have argued that destructiveness defined by 
Emanuel (2005) is not a strong proxy for hurricane activity and that the hurricane 
record is too short to separate the possible anthropogenic forcing from natural multi-
decadal oscillations (Landsea, 2005; Pielke, 2005; Knutson et al., 2010). Further, 
Landsea (2007) indicated that the apparent increased storminess in the last 30 years 
might be due to the technological advancement of meteorological equipment that 
detects and measures the intensity of the hurricanes. Given the likelihood of 
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continued climate change over the course of the 21st century (IPCC, 2007), it is 
sensible to strive to understand the potential affects of changing hurricane frequency 
and/or intensity to coastal systems.  
 
The instrumental record of hurricane activity is too short to produce reliable 
predictions of future hurricane activity (Knutson et al., 2010). Therefore, obtaining a 
record of present and past landfalling hurricanes, and the extent of their geological 
and ecological impacts, is one means to assess future risk, reveal the spatial and 
temporal variability of hurricane activity, and decipher its relationship with global 
climatic changes (Horton et al., 2009a). Scientists involved in the study of 
paleotempestology seek to reconstruct and explain the geographical and temporal 
variability in frequency and intensity of hurricanes and other severe storms (e.g., 
nor’easters) during the past centuries and millennia. The exploration of effective 
research methods is still in its infancy and regional databases necessary for 
comprehensive spatial and time-series analyses have yet to be built. Indeed, 
individual records are indicative of only the local hurricane activity (Liu, 2007; Elsner 
et al., 2008). Nevertheless, the study of paleotempestology has developed 
methodologies useful in identifying storm-related deposition and erosion in salt 
marshes and other coastal environments (e.g., Liu and Fearn, 1993; Nyman et al., 
1995; Donnelly et al., 2001b; van de Plassche et al., 2006; Donnelly and Woodruff, 
2007; Liu, 2007; Woodruff et al., 2008; Horton et al., 2009a).  
 
Despite the importance of paleotempestology, the timing between overwash 
deposition, marsh recovery and the preservation potential of overwash records has 
not been defined. Here we present a time-series study of an overwash fan deposited 
by Hurricane Isabel, which made landfall on the Outer Banks of North Carolina on 
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September 18th, 2003, as a category 2 hurricane (Smith et al., 2006). The maximum 
sustained winds on land were measured at Cape Hatteras at 35 m/s, and the storm 
surge at this location was up to 2.7 m (NOAA, 2004). The storm slowed as it 
approached the Outer Banks, and caused up to five hours of maximum tidal 
inundation (Morton et al., 2007). This resulted in erosion and breaching of artificially 
constructed dunes between the Atlantic beach and the back-barrier marsh platform. 
The dunes protect the salt marsh platform from Atlantic storm surges and wave 
erosion. The overtopping and erosion of these dunes during Hurricane Isabel led to 
the deposition of many overwash fans on the back-barrier marshes, particularly 
across Ocracoke and Hatteras islands (NOAA, 2004; Morton et al., 2007).  
 
We selected one overwash fan on Ocracoke Island, which added ca. 65 m2 of sand 
atop the pre-Isabel salt marsh surface (Figure 4.1). Overwash deposition is identified 
in stratigraphic sequences as an allochthonous sand deposit overlying with an abrupt 
boundary, lithology consistent with the local environment (e.g., Donnelly et al., 
2004). Identifying changes in macro- and microfossil assemblages can often 
differentiate the hurricane-driven overwash deposits from the surrounding marsh 
sediment and plants (e.g., Nyman et al., 1995; Collins et al., 1999; Cahoon et al., 
2003; Hippensteel et al., 2005; Mckee and Cherry, 2009; Smith et al., 2009). 
Sometimes instead of deposition, a hurricane-driven storm surge can be identified by 
evidence of marsh erosion, the waves eroding the rooted vegetated surface, 
providing accommodation space, that is subsequently infilled with mud, low marsh, 
and high marsh plant species (van de Plassche et al., 2006). Macro- and microfossils 
(e.g., foraminifera and marsh plants) are excellent proxies for identifying changes in 
salt marsh paleoenvironment because their taxonomic distribution is controlled 
mainly by tidal inundation on the marsh surface (Scott and Medioli, 1978; Tooley,
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Figure 4.1. (A) Site map of the Outer Banks, NC and the field site on Ocracoke island. 
Dashed arrow indicates the general trajectory of the eye of Hurricane Isabel (NOAA, 
2004) as it crossed the Outer Banks. B) Composite aerials (CIR DOQQ) before 
(March-April, 1998) and immediately after (September 19th-21, 2003) Hurricane 
Isabel. The modern transect is marked by a black dotted line across the surface. C) 
As of March 6, 2006 the majority of the transect remained unvegetated. As of 
October 18, 2009 the majority of the transect was vegetated, but isolated patches of 
barren overwash sand remained. Composite aerials in (B) are from NOAA Digital 
Sensor System (DSS). Satellite images in (C) are from Google Earth© version
 
5.2.1.1329 (beta), and provided by TeleAtlas©, Map Data© and DigitalGlobe©, 
copyrights 2010.  
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1978; Scott and Medioli, 1980; Shennan, 1982, 1986; van de Plassche, 1986; 
Gehrels, 1994; Allen, 1995; Gehrels et al., 1996). Therefore, a change in 
foraminiferal assemblages or dominance in plant species is indicative of an 
environmental change.  We collected time-series data of the ecological and 
geomorphic progression of the overwash deposit at Ocracoke over seven years. Our 
primary objective was to study the recolonization of an overwash deposit by vascular 
plants and foraminifera, and by comparing the elevation data of the overwash fan to 
wind and storm-tide records collected at Cape Hatteras and Oregon Inlet, NC, to 
investigate possible agents of overwash erosion. 
 
4.3 METHODS 
We established a surface transect along the length of the overwash deposit. Satellite 
images show the overwash sand deposit on March 6, 2006, and October 18, 2009 
(Figure 4.1c). According to NOAA (2004), the eye of Hurricane Isabel crossed the 
barrier islands just north of Drum Inlet (34° 50.9’N, 76° 19.3’W). Ocracoke Island is 
one of the southernmost islands of the Outer Banks with an orientation that trends 
roughly northeast/southwest. The overwash deposit is perpendicular to the length of 
the island. The width of the back-barrier marsh is ca. 120 m.  
 
We used area (m2) as a metric to define the amount of sediment in the overwash 
deposit, where the wedge-shape profile of the overwash deposit is roughly 
equivalent to the area of a right triangle (1/2 x length of transect x maximum 
thickness).  We established 14 sampling stations along the overwash deposit in 
2004; sample 1 was -0.43 m relative to the mean tide level (MTL) of Pamlico Sound 
and station 14, farthest from the sound, had an elevation of 1.0 m MTL. From 2004 
to 2010, we observed the changes in vascular plant cover in an approximately 1 x 1 
 74 
m area around each station. At each station we identified the number of marsh plant 
species present and estimated their relative abundance. In addition, we collected a 
surface sediment sample (5 x 5 x 1 cm) at each station to analyze foraminifera, 
grain-size distribution, and percent organic matter by loss on ignition (LOI).  
 
We surveyed the elevation across the overwash deposit relative to water level. We 
related all yearly elevation data to MTL, by using the modeling software Vdatum 
(NOAA, 2010), which gives us a site-specific estimate of the tidal range and the 
elevation of each datum (Table 4.1). We used a hand corer at each station to 
establish the thickness of the deposit. We then selected one core from station 4 and 
one from station 7 for collection and further laboratory analysis. The selected cores 
were sampled in 2 cm intervals for grain size, organic content, and foraminifera. 
 
We added a rose Bengal stain to the surface samples, which visually distinguishes 
the live and dead foraminifera at the time of collection (Walton, 1952) and prepared 
the foraminifera in the laboratory following the techniques of Horton and Edwards 
(2006). Three hundred individuals were identified to the species level when possible, 
to achieve a statistically representative assemblage (Buzas, 1990). Only the live 
foraminiferal assemblages were used in this study. The live taxa that comprised 
greater than 2% of any one sample are described within the text of this manuscript, 
but all live taxa present in each sample are shown in the figures of foraminiferal 
abundances. The complete data set (live and dead) of specimens identified (including 
taxa < 2% of assemblage) can be found in Appendix III. We confirmed identifications 
by comparison with primary types and figured specimens in the Cushman Collection 
at the Smithsonian Institution, Washington, D.C.  
 
 75 
 
Table 4.1 
Table 4.1. Tidal datums modeled at the location of the overwash deposit, Ocracoke 
Island, using the software Vdatum (NOAA, 2010). Definitions are standard, as 
defined by the National Oceanographic and Atmospheric Association of the United 
States (NOAA, 2001). Mean range of tide (MN) is measured in meters.  
 
Tidal datums Abbreviation 
Height relative to 
MTL (m) 
Definition 
Mean higher 
high water MHHW 0.12 
The mean of the higher high water height of each 
semi-diurnal tidal day over a standard time. 
Mean high 
water MHW 0.10 
The mean of all daily high water heights over a 
standard time. 
Mean tide level MTL 0.00 The mean of mean high water and mean low water. 
Mean low water MLW -0.03 The mean of all daily low water heights over a standard time. 
Mean lower low 
water MLLW -0.06 
The mean of the lower low water height of each semi-
diurnal tidal day over a standard time. 
Mean range of 
tide MN 0.13 
The difference between mean high water and mean 
low water. 
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The organic content of each sample was analyzed following standard methods of Ball 
(1964), where loss on ignition (LOI) defines the percent organic matter contained in 
any sample of sediment. Grain size distributions were measured with a Beckman 
particle size analyzer (Coulter, 1999) and partitioned into Wentworth (1922) particle 
size classifications from clay/silt to coarse-grained sand. 
 
In order to determine the direction and magnitude of winds that may have re-worked 
overwash deposits over the course of this study, we downloaded wind velocity data 
from the nearby NOAA wind gauge at Cape Hatteras (NOAA station 723139), from 
September 20, 2003 to October 1, 2010. Data consist of hourly measurements of 
wind speed and direction, with resolutions of 1 mph and ~10o, respectively. 
Measurements were taken at a height z = 10 m above the surface. Only wind 
measurements having quality of “good” and better were used. We followed the 
procedure of Jerolmack et al. (2011) to transform the time series of wind velocity 
into a time series of potential sediment transport rates to determine the magnitude 
and direction of possible aeolian sand transport. 
 
We constructed a rose diagram of excess shear velocity (µ* – µ*crit) following the 
method of Bagnold (1941), which calculates the excess shear velocity vector after 
vector summation of all hourly wind data collected from years 2004-2010. This 
resulting vector is the dominant wind transport vector over the entire study period. 
Annual potential sand flux (m2/yr) was also computed. The saturation of the 
sediment is accounted for using a standard value of porosity for dry sand (see 
Bagnold, 1941). Note that these wind velocity measurements were taken almost 20 
km from the overwash deposit, therefore, direction and magnitude may not be 
entirely correlative – especially over short time intervals where local variability in 
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winds may be large. We expect, however, that wind data averaged over long time 
intervals (e.g., years) minimizes the effect of orientation and distance to the 
calculation. 
 
Once potential sand flux was computed, we applied the conservation of mass 
equation to compute the maximum rate of surface deflation that could result from 
aeolian transport: 
 
(δη/δt) = − (1/Φ)(qout – qin)/L       (eq. 1) 
where the porosity (Φ) is assumed 0.6, L = 120 m, is the length of the transect, qin  
and qout are sand flux into and out of the transect, respectively, and δη/δt is the rate 
of surface elevation (η) change over the observation interval (δt). One can infer that 
qin = 0 because the rose diagram indicates the excess shear velocity is coming from 
the direction of open water (i.e., Pamlico Sound) where there is no sand to transport 
to the overwash deposit. 
 
We assessed the erosive potential and importance of storm-generated tides in re-
working the overwash sediment by collecting daily tide gauge data for the years 
2004-2010 from the Oregon Inlet Marina station (NOAA station 8652587). The 
Oregon Inlet station is within Pamlico Sound, and therefore tidal elevations higher 
than astronomical predictions are indicative of seaward-directed, wind-driven tides. 
The tide gauge recorded the daily tide levels at four intervals of predicted tidal stage: 
Higher high tide (HH), high tide (H), low tide (L) and lower low tide (LL). We binned 
the tide gauge data into separate yearly records and then generated a frequency-
magnitude plot of tidal elevations for each year. Only the tails of these distributions 
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are presented to allow for the examination of higher-than-average tidal events that 
may be indicative of storm surges capable of eroding overwash deposits. 
 
4.4 RESULTS  
Our first observations of the overwash deposit were made in July 2004, ten months 
after Hurricane Isabel impacted the Outer Banks. The average elevation of the 
deposit was ~0.60 m MTL, the maximum elevation was ~1.0 m MTL at station 14, 
and the minimum elevation on the marsh platform was ~0.04 m MTL at station 3 
(Figure 4.2). The elevation of the pre-Isabel surface is approximately 0.0 m MTL, 
therefore the thickness of the overwash deposit is ~ equal to that of the elevation of 
the deposit relative to MTL. The total amount of sand added to the transect profile in 
2004 was ~65 m2. The grain-size distribution across the transect was 62 ± 11 % 
medium-coarse sand, (250-500 µm) with an average of 1.0 ± 0.3 % organic matter.  
 
A 0.18 m long core collected in 2004 from station 4 revealed 0.04 m of the pre-
hurricane marsh sharply overlain by 0.14 m of overwash sand. The grain-size 
distribution data of the overwash deposit in this core was consistent with that of the 
surface transect (59 ± 6 % medium-coarse sand with an average of 0.9 ± 0.7 % 
organic matter). There were no recognizable plant fragments within the overwash 
deposit and there were no foraminiferal tests. The underlying pre-Isabel peat in this 
core contrasted significantly from the overwash sand deposit; the grain-size data 
revealed a broader distribution of fine sand; 55 ± 16% of the grain-size distribution 
was less than the size of medium-coarse sand. The average organic content of the 
underlying peat was 40.0 ± 9.0%. The total foraminiferal assemblages within the 
peat were dominated by Arenoparrella mexicana (46 ± 11%), Tiphotrocha 
comprimata (17 ± 4%), and Trochammina inflata (16 ± 4%), with smaller 
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Figure 4.2. Elevation of the pre-Isabel overwash marsh surface and the hurricane 
Isabel overwash deposit in 2004, 2005-2009, 2010. The elevation of the overwash 
surface remained the same (within surveying elevation error) for years 2005-2009. 
Tide datums shown are mean higher high water (MHHW = 0.12 m MTL) and mean 
lower low water (MLLW = -0.06 m MTL). The elevation of the maximum storm height 
for year 2010 is also shown. All elevations are relative to mean tide level (MTL), 
measured in meters.  
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proportions of Jadammina macrescens (8 ± 2%) and Miliammina fusca (7 ± 5%). 
The upper contact of the pre-Isabel peat preserved Spartina alterniflora still rooted in 
place. 
 
The annual changes in elevation, live foraminiferal assemblages, and vascular plant 
vegetation are summarized in Table 4.2. In July 2004 the transect was populated by 
live foraminifera only at stations 1-5 (Figure 4.3 and 4.4A). The subtidal stations (1 
and 2) contained a live foraminiferal assemblage, 88% of which was calcareous and 
dominated by Ammonia parkinsoniana (29 ± 1%), Quinqueloculina cf. Q. impressa 
(29 ± 4%), Quinqueloculina tenagos (21 ± 1%), and Haynesina germanica (5 ± 
2%). Stations 1 and 2 also contained the agglutinated taxon Ammobaculites sp. (8 ± 
3%). Station 3 was dominated by Arenoparrella mexicana (41%) and Trochammina 
inflata (41%), and also contained Elphidium excavatum (7%). Station 4 was 
dominated by the calcareous species Haynesina germanica (93%), and station 5 was 
dominated by Jadammina macrescens (67%) and also included Tiphotrocha 
comprimata (17%) and Trochammina inflata (17%) (Figure 4.4A). The standing crop 
in the subtidal samples peaked in station 2 with ~28,400 live calcareous specimens 
per 100 g of sediment, whereas the standing crop on the marsh platform reached a 
maximum of ~800 live calcareous specimens per 100 g at station 3 (Figure 4.3). The 
surface of the overwash deposit was completely unvegetated.  
 
The elevation of the transect had changed significantly by May, 2005: 25 m2 of sand 
(~40%) had been removed from the overwash deposit (Figure 4.2), mostly from 
between stations 9 to 14, the stations nearest the constructed dunes. The average 
elevation was ca. 0.30 m MTL, which was 0.18 m above daily mean higher high 
water (MHHW = 0.12 m MTL). The grain-size distributions remained consistent with
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Table 4.2 
The annual change to the elevation (m MTL), foraminifera on the marsh platform, 
and the vascular plants on the overwash deposit from years 2004 to 2010. 
Significant changes in elevation are indicated by a red font, significant changes in 
foraminiferal assemblages are indicated by a green font, and significant changes in 
the vascular plants are indicated by a blue font. 
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Figure 4.3. Number of live foraminifera across the transect in years 2004, 2009, and 
2010.  Each graph shows the standing crop (the number of specimens per 100 g 
sediment) of calcareous foraminifera (blue line) and agglutinated foraminifera 
(green). Scale for standing crop is on the right side of the figure. Breaks in the scale 
are used when at least one population of foraminifera is significantly smaller and 
cannot be accommodated on a linear scale. Elevation of the transect relative to mean 
tide level is on the left side of the figure.  
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Figure 4.4. Live foraminiferal distributions (%) across the modern transect in years 
(A) 2004, (B) 2005, and (C) 2006. Agglutinated taxa are green and calcareous taxa 
are blue. Stations that did not contain live individuals are not shown. 
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those of 2004 across the transect. The live foraminifera in the subtidal samples 
(stations 1 and 2), and the first station on the marsh platform (station 3), were 
dominated by the calcareous taxa Ammonia parkinsoniana (57 ± 10%). The live
assemblages at stations 1 and 2 also contained high percentages of Quinqueloculina 
tenagos (25 ± 1), and Elphidium cf. E. galvestonense (15 ± 19%), and also 3 ± 1% 
tenagos (25 ± 1), and Elphidium cf. E. galvestonense (15 ± 19%), and also 3 ± 1% 
of the agglutinated taxon Ammobaculites sp. Stations 4-14 contained very few  
foraminiferal tests (between 3 and zero individuals) of the calcareous taxa Ammonia 
parkinsoniana, Elphidium excavatum, Elphidium galvestonense, Elphidium gunteri, 
Hanzawaia strattoni, Haynesina germanica, or Quinqueloculina tenagos (Figure 
4.4B). The surface of the deposit continued to be barren of vegetation. 
 
In May 2006, there were no significant changes in elevation to the overwash deposit, 
grain-size distribution, or foraminiferal assemblages (Figure 4.4C). There were small 
isolated stands of vascular marsh plants including Salicornia sp. and Spartina 
alterniflora, no greater than 10% surface cover at any station. By the following year, 
May 2007, the vascular marsh plants began to populate the surface more extensively 
but the live foraminiferal assemblages varied little (Figure 4.4C and Figure 4.5A). 
Spartina alterniflora and Juncus roemerianus had began to grow in small, isolated 
patches on the overwash sand, with surface coverage no greater than 50% at any 
sample station. In May 2008 the plants covered more of the surface and the diversity 
of species increased but the live foraminiferal assemblages remained consistent with 
the previous years (Figure 4.4C, and Figure 4.5A,B). Stations 3-5 were exclusively 
populated by Salicornia sp., which covered ca. 20% of the surface at each station. 
The plants at stations 6-9 included Spartina alterniflora, Salicornia, Juncus 
roemerianus, Borrichia frutescens, and Spartina patens and covered 50 to 90% of
 85 
  
 
 
Figure 4.5. Live foraminiferal distributions (%) across the modern transect in years 
(A) 2007 and (B) 2008. Agglutinated taxa are green and calcareous taxa are blue. 
Stations that did not contain live individuals are not shown.  
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the overwash surface. Stations 10-14 were dominated by a mix of Spartina patens 
and Juncus roemerianus, but also included Spartina alterniflora, and Distichlis sp.,
which covered between 20 to 90% of the overwash sand surface. Station 14 was the 
least vegetated, with Juncus roemerianus covering ca. 20% of the sand surface.  
 
In October 2009, the composition of live foraminiferal assemblages changed 
drastically (Figure 4.3 and Figure 4.6A). The live assemblages from stations 4 to 6 
had changed little from the previous year, but samples at stations 7-11 were 
dominated (87 ± 17%) by live specimens of the calcareous species Trichohyalus 
aguayoi. The second most abundant taxon from stations 7-11 was Trochammina 
inflata (7 ± 13%). The abundance of foraminifera was higher on this portion of the 
marsh platform than in any other year, with a peak standing crop of nearly 6,000 
live calcareous specimens per 100 g of sediment at station 9 and a peak of ~2,500 
live agglutinated specimens per 100 g of sediment at station 10 (Figure 4.3). The 
vegetation varied little from 2008 in terms of species present, except the percent 
cover had increased to between 50-100% at any one station and Spartina patens 
was absent from the transect. At stations 3-5 Spartina alterniflora comprised nearly 
100% of the flora. In comparison, Juncus roemerianus dominated at stations 6-14. 
Salicornia sp. comprised less than 5% of the species at station 5 and Spartina 
alterniflora comprised less than 5% of the species at stations 6 and 7. 
 
The elevation of the overwash deposit had remained consistent from 2006 but in 
October 2010, an additional ~25 m2 of overwash sand had been removed, which 
lowered the elevation of the sand surface at stations 3-8 to below MHHW, ca. -0.07 
MTL (Figure 4.2). Unlike the first erosive event, which removed most of the sediment 
from stations 9-14, the most significant erosion occurred at the stations nearest
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Figure 4.6. Live foraminiferal distributions (%) across the modern transect in years 
(A) 2009, and (B) 2010. Agglutinated taxa are green and calcareous taxa are blue. 
Stations that did not contain live individuals are not shown. 
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Pamlico Sound. No hurricane Isabel overwash sand occurred at stations 3-8 and each 
station was described in the field as having a silty marsh substrate.  Stations 9-14 
were ~ 0.10 m above MHHW and the substrate was medium-coarse sand. Only ~15 
m2 (~20%) of the Hurricane Isabel overwash deposit remained by October 2010, 
between stations 9-14. 
 
The live foraminiferal assemblages in 2010 revealed significant changes in species 
distributions. The subtidal stations contained but a few specimens of agglutinated 
(Arenoparrella mexicana) and calcareous (Ammonia parkinsoniana and Elphidium 
excavatum) taxa. The samples from stations 3-8 were dominated by Trochammina 
inflata (43 ± 22%), and also contained Arenoparrella mexicana (20 ± 18%), 
Haplophragmoides wilberti (14 ± 16%), and Tiphotrocha comprimata (13 ± 9%) 
(Figure 4.6B). The standing crop of foraminifera peaked at station 6 with ~15,000 
calcareous specimens per 100 g of sediment and at station 5 with ~30,000 
agglutinated specimens per 100 g of sediment (Figure 4.3). The relative proportions 
of foraminiferal taxa from stations 8-14 were highly variable, as indicated by the 
large standard deviation of average percents: Jadammina macrescens (15 ± 16%), 
along with Trochammina inflata (12 ± 24%) and Tiphotrocha comprimata  (5 ± 
10%) were significant agglutinated taxa. However, live specimens of Trichohyalus 
aguayoi (37 ± 40%) dominated the assemblages at stations 8-14. The calcareous 
species Ammonia parkinsoniana (12 ± 25%) was present at stations 2, 6 and 8 and 
Helenina anderseni (3 ±3%) was present at stations 7,8,10,11 and 13, along with 
the agglutinated taxa Arenoparrella mexicana (6 ± 18%) and Tiphotrocha 
comprimata (5 ± 10%)(Figure 4.6B). The standing crop of foraminifera between 
stations 8 and 14 peaked at ca. ~1000 calcareous and 1000 agglutinated specimens 
per 100 g of sediment at station 12 (Figure 4.3).  
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The vascular plants at stations 3-8 consisted of ~100% Spartina alterniflora and, at 
stations 9-14, ~100% Spartina patens. The Spartina patens was mature and covered 
nearly 100% of the surface at each station, but was rooted into sand containing little 
or no accumulated organic matter. Conversely, Spartina alterniflora was growing into 
an organic-rich marsh substrate. 
 
4.5 DISCUSSION 
The results of this study reveal that the response of vegetation in this marsh was 
rapid, after the surface of the overwash deposit crossed the elevational threshold of 
MHHW. Specifically, typical vascular marsh taxa (foraminifera and plants) did not 
recolonize and persist until the elevation of the overwash deposit elevation was lower 
than MHHW (0.12 m MTL). 
 
The conservation of mass equation gave a calculated maximum thickness of 1.0 m 
overwash sand that could be removed by wind between 2004-2010. The wind data 
collected from September 20, 2003 to October 1, 2010 indicate that the sand flux 
(m2/yr) was greater in the first three years (Figure 4.7A). Figure 4.7B is a rose 
diagram showing the magnitude and direction of the dominant sand transport vector. 
This vector is the resultant of the vector sum of all shear velocities capable of 
transporting sediment (u* - u*crit) from 2004-2010. We recognize that the wind 
vectors with the largest magnitudes trend southwest and northeast (Figure 4.7B), 
however these vectors cancel each other in the vector summation of the hourly data 
because they are opposite but equal in direction and magnitude. The resultant of this
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Figure 4.7. (A) Yearly computed sand flux (m2/yr) and direction. (B) Rose diagram 
of the calculated (u* - u*crit) excess shear velocity (red arrow), indicating the 
magnitude and direction of the dominant sand transport vector.  
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vector analysis is the direction and magnitude of the dominant wind transport.  Thus, 
as the first three years show a greater potential sediment flux, and the dominant 
wind transport vector crossed over Pamlico Sound at 11o north of west, we consider 
aeolian erosion and transportation to be the most likely agents that removed ~40% 
of the overwash sand during 2004-2005.   
 
We assessed the storm-driven frequency of high tides for years 2004-2010 by 
analyzing tide-gauge data from Cape Hatteras. From 2005-2009 the entire overwash 
deposit remained ~0.48 m above MHHW. Thus, the daily astronomical tides did not
inundate the surface and remove sediment. We assessed the elevations of storm-
driven tides by plotting the number of times each year the tides breached 0.4 m 
above mean high water (MHW), an elevation capable of inundating the entire 
overwash deposit. The data show that 2010 was the most active; storm-driven tides 
breached 0.4 m above mean high water (MHW) thirty-one times, which was four 
times more frequently than any other single year during this study (Figure 4.8A). 
The data is also expressed as a probability diagram (Figure 4.8B). Thus, we consider 
storm-driven tides as the most likely mechanism to cause the majority of the erosion 
that occurred in 2010 at the stations nearest Pamlico Sound. 
 
Figure 4.9 shows the relationship between elevation, plant, and live foraminiferal 
distributions as of October 2010. Stations 3-8 are within the tidal frame, and are 
characterized by the low-marsh grass Spartina alterniflora and typical low-marsh 
foraminifera such as Trochammina inflata (43 ± 22%), Arenoparrella mexicana (20 
± 18%), Haplophragmoides wilberti (14 ± 16%), and Tiphotrocha comprimata (13 ± 
9%). The vascular marsh plants and foraminifera assemblages contain the same
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Figure 4.8. (A) Number of times maximum daily tide exceeded >0.4 m above MHW 
each year beginning in September. (B) Probability diagram of storm surges 
overtopping elevations relative to mean high water (m MHW) for each year from 
2004-2010. Only the tails of the distributions are shown to highlight large events.  
The red curve is the probability of exceedance for the year 2010. The black lines are 
all other years, 2004-2009. Probability is estimated as a fraction from 0-1. 
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Figure 4.9. The ecological and elevational data across the overwash deposit as of 
October, 2010: The distribution of Spartina alterniflora and Spartina patens are 
illustrated as the percentage of the total vascular plant assemblage at each station 
across the transect. The 2010 elevational profile (m MTL) is labeled with station 
numbers. The pre-Isabel marsh surface elevation is also presented (m MTL). The 
2010 distribution of live foraminifera across the transect is illustrated as the 
percentage of all agglutinated species, percentage of the calcareous species 
Trichohyalus aguayoi, and the percent of all other calcareous taxa at each station.  
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dominant species as the pre-Isabel underlying peat, and with other modern marshes 
of the Outer Banks (e.g., Hinde, 1954; Burk, 1962; Silander and Antonovics, 1979;
Culver and Horton, 2005; Culver et al., 2006; Horton and Culver, 2008; Kemp et al., 
2009b). In particular, the foraminiferal assemblage we identified on the overwash 
deposit in 2010 was the most similar to the foraminiferal assemblages at Pea Island, 
NC, found across modern transects and living in the infaunal assemblages (e.g., 
Culver and Horton, 2005; Horton and Culver, 2009; Kemp et al., 2009). 
 
Culver and Horton (2005) described Pea-Island as an intermediate salinity 
environment and the foraminiferal taxa found in the cores, like the 2010 Ocracoke 
assemblages, are associated with the marsh plant Spartina alterniflora. The 
dominant living infaunal taxa include Trochammina inflata and Arenoparrella 
mexicana. The modern foraminiferal assemblage found by Kemp et al. (2009b) on 
Pea Island was dominated by Trochammina inflata (21-91%), Haplophragmoides 
wilberti (47%), Haplophragmoides manilaensis (31%), and Arenoparrella mexicana 
(20-68%). Horton and Culver (2008) also identified a similar foraminiferal 
assemblage at Pea Island, which was also comparable to the Ocracoke overwash 
assemblage, and dominated by Trochammina inflata (>17.5%) and also 
Arenoparrella mexicana, Ammonia parkinsoniana, and Tiphotrocha comprimata. 
 
Stations 8-14 of the 2010 Ocracoke overwash deposit were dominated by 
Trichohyalus aguayoi (37 ± 40%) and also contained a significant, but highly 
variable, percentage of agglutinated foraminifera typical of marsh platform 
environments (e.g., Scott and Medioli, 1978; Gehrels, 1994; Edwards et al., 2004; 
Horton and Culver, 2008; Kemp et al., 2009b). Trichohyalus aguayoi is a warm-
water species common to marsh and mangrove environments in the Caribbean and 
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Bermuda (e.g., Buzas et al., 1977; Javaux and Scott, 2003), and has not been 
documented north of Georgia (Arnold, 1954; Goldstein and Frey, 1986) before this 
study. Helenina anderseni has been found (S.J. Culver, unpublished data) live in 
some high marsh environments on the Outer Banks (e.g., Pea island) but is not 
preserved in cores from the same locations (Culver and Horton, 2005). 
 
The stations that are currently within intertidal elevations (stations 3-8) have 
vascular marsh plants and foraminifera that are indicative of a low-marsh 
environment similar to that found at Pea Island (e.g., Culver and Horton, 2008; 
Horton and Culver, 2008; Kemp et al., 2009b). The stations that remain above 
MHHW in 2010 are populated by the high marsh plant Spartina patens (e.g., Gehrels, 
1994; Horton and Culver, 2008), but have a previously undocumented foraminiferal 
assemblage dominated by Trichohyalus aguayoi and also containing small 
percentages of typical marsh taxa. 
 
It is clear that erosive processes can remove overwash deposits on relatively short 
timescales. This has implications for the preservation potential of overwash sands on 
the Outer Banks and for estimating the number of past landfalling hurricane. The 
Outer Banks of North Carolina is one of the most easterly barrier islands south of 
New England and this, in part, makes them particularly vulnerable to hurricane 
strikes (Riggs, 2002). Indeed, Smith et al. (2006) documented 18 hurricanes that 
made landfall on the Outer Banks from 1851 to 2004, which yields an annual 
probability for landfall of 0.12.  This figure does not include all the tropical storms 
and nor’easters that occur every year along the Atlantic coast, which can also 
produce extensive erosion and destruction to barrier islands (Bosserman and Dolan, 
1968). However, despite the Smith et al. (2006) hurricane frequency for both the 
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east coast and the Outer Banks, the stratigraphic record on the barrier islands of the 
Outer Banks does not reveal discrete lithologic units representing each overwash 
event (e.g., Culver et al., 2006; Smith et al., 2009). Thus, the Outer Banks are not 
an ideal location for reconstructing hurricane frequency from the stratigraphic record.  
 
4.6 CONCLUSIONS 
Our seven-year study of the ecological and morphologic evolution of an overwash fan 
on Ocracoke Island reveals that the surface was not colonized by typical marsh 
foraminifera and vascular plants until the half of the transect closest to Pamlico 
Sound crossed the environmental threshold of MHHW into the intertidal zone. The 
erosion of the overwash fan deposited by Hurricane Isabel was episodic and rapid, 
driven by aeolian transport and storm-generated tides. This study demonstrated that 
overwash sediment can be removed from the stratigraphic record on relatively short 
time scales, which has implications for the preservation potential of overwash 
deposits and the study of paleotempestology.  
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CHAPTER FIVE: Concluding remarks 
 
5.1 OVERVIEW OF DISSERTATION 
In this dissertation, I described the use of specific macro- and microfossils to 
reconstruct sudden seismic and storm-driven coastal environmental change during 
the Holocene. I met the goals set forth at the beginning of the studies by 1) 
identifying the stratigraphic evidence for an early Holocene earthquake in Aceh, 
Indonesia, 2) developing the application of an opportunistic gastropod, Cerithidea 
cingulata (Gmelin, 1791), as a sea-level indicator in paleoseismic studies and 3) 
assessing the ecological and geomorphic evolution of a hurricane overwash deposit 
on Ocracoke Island, North Carolina. The work within this dissertation contributes to 
paleogeodesy and paleotempestology by using subsidence stratigraphy and a multi-
proxy paleontological methodology that incorporates foraminifera, pollen, and an 
opportunistic gastropod. This dissertation also adds new information on coastal 
geomorphology and marsh ecology. 
 
5.2 STRATIGRAPHIC EVIDENCE FOR AN EARLY HOLOCENE 
EARTHQUAKE IN ACEH, INDONESIA 
5.2.1. RESULTS OF STUDY 
In Chapter two, I: 1) identified the first evidence of coseismic subsidence of a 
paleoearthquake in the Aceh Province, Sumatra; 2) constrained the age of the event 
to be 6500-7000 cal yrs. BP; and 3) used a multi-proxy approach to estimate the 
subsidence to be between 0.2 and 0.8 m. 
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5.2.2. SIGNIFICANCE AND FUTURE WORK 
This work is significant to paleogeodesy because it: 1) is the first to reconstruct and 
estimate subsidence of a paleoearthquake in the Aceh Province of Sumatra; and 2) it 
employed a new multi-proxy approach of combining foraminifera, pollen, and a 
gastropod to reconstruct paleoenvironments, which avoids problems of preservation 
common in tropical environments (Berkeley et al., 2007). Pollen was used in the 
preseismic stratigraphic units, where foraminifera were not preserved, to determine 
the paleoenvironment. The tsunami deposit was identified using both pollen and 
foraminifera as paleoenvironmental indicators, and both foraminifera and an 
opportunistic gastropod Cerithidea cingulata were used to identify the postseismic 
paleoenvironment and paleoelevation. This is the first time that Cerithidea cingulata 
has been used specifically as a sea-level indicator in seismic studies in tropical 
environments.  
 
In future research related to this study, I expect to collect more samples of the lower 
and upper buried soil horizons to better constrain the timing and regional extent of 
these events. I also expect to travel to other coastal regions of Sumatra to search for 
potential stratigraphic evidence of younger paleoearthquakes. Further studies 
searching for mid- and late Holocene paleoearthquakes may address the gaps in the 
paleoseismic stratigraphic record and support or reject the hypothesis that 
preservation of paleoearthquake events in northern Sumatra is related to the mid-
Holocene highstand (Mitrovica and Peltier, 1991; Alley, 2005; Horton et al., 2005a). 
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5.3 THE APPLICATION OF CERITHIDEA CINGULATA TO 
PALEOSEISMIC STUDIES 
5.3.1. RESULTS OF STUDY 
In Chapter three, I: 1) identified the indicative meaning of Cerithidea cingulata 
specifically to be used in paleoseismic studies; 2) developed the first species-specific 
ΔR for south-east Asia; and 3) applied the ΔR and indicative meaning of C. cingulata 
to better constrain the age and amount of subsidence of the 6500-7000 cal yrs. BP 
buried soil identified in chapter two.  
5.3.2. SIGNIFICANCE AND FUTURE WORK 
This work is significant to paleogeodesy because it contributes a new proxy, C. 
cingulata, which can be used specifically in tropical environments. In this work, I 
confirmed that opportunistic species such as C. cingulata can be useful to reconstruct 
postseismic land elevation because they colonize the intertidal zone directly after a 
tsunami but before postseismic rebound, which can significantly alter reconstructions 
of the amount of coseismic subsidence. This gastropod is a common tropical and 
subtropical species; it should be present in modern intertidal environments and in 
stratigraphic records. Subsequently, in future work, I plan to look for C. cingulata 
and other gastropod taxa in other tropical locations, potentially preserved in 
paleoseismic stratigraphic sequences. Specifically, ideal locations for future study 
would include additional regions of Sumatra, south of the Aceh Province, and other 
islands of Indonesia that are located on the overriding plate of the Sunda subduction 
zone.  
 
5.4 THE GEOMORPHIC AND ECOLOGICAL EVOLUTION OF AN 
OVERWASH DEPOSIT  
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5.4.1 RESULTS OF STUDY 
In Chapter four, I: 1) documented the yearly changes in the elevation, 
geomorphology and ecology (vascular marsh plants and foraminifera) on an 
overwash fan deposited by Hurricane Isabel; 2) identified the relationship between 
the elevation of the surface of the overwash deposit to the ecological recovery of the 
marsh; and 3) demonstrated how hurricane overwash deposition, recolonization of 
marsh plants, and the preservation of overwash deposits in the stratigraphic record 
influence paleotempestology.  
5.4.2. SIGNIFICANCE AND FUTURE WORK 
This work is significant to the study of paleotempestology because it demonstrates 
that typical marsh foraminifera and vascular plants will not colonize the surface of an 
overwash deposit until the elevation crosses the environmental threshold of MHHW. 
This relationship may have implications for the preservation of overwash deposits 
and is an example of how changes in coastal geomorphology can drive changes in 
marsh ecology.  
 
The lack of discrete, sequential overwash sand deposits in the stratigraphic record on 
the Outer Banks suggests that the removal of overwash sand is an important 
process. Thus, high-energy environments such as the Outer Banks may not yield a 
complete stratigraphic record of overwash deposits and subsequently may not reveal 
accurate hurricane frequencies.  
 
Based on these findings, I plan to continue collecting annual data from the modern 
transect on the Outer Banks to continue the study of the ecological and geomorphic 
changes. In other future work, I will apply similar research methods to future 
overwash fans deposited by landfalling hurricanes so that I will be able to compare 
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data from environments with different physical and biological controls (e.g., 
sediment supply, rate of subsidence, rate of marsh accretion) than those that 
characterize the Outer Banks.  
 
5.5 THE FUTURE OF PALEOENVIRONMENTAL RECONSTRUCTIONS  
 
In this dissertation, I explored the chronology of sudden paleoseismic changes in the 
stratigraphic record in Sumatra and refined the understanding of the geomorphic and 
ecological evolution of a marsh platform after the deposition of an overwash fan by 
using micro- and macrofossils. The first reconstructions of coseismic subsidence from 
coastal stratigraphic sequences in Sumatra added to our understanding of the 
earthquake-deformation cycle on the Sunda trench, which contributes to the study of 
all subduction-style earthquakes. In addition, the development of new micro- and 
macro invertebrates as sea-level indicators, such as Cerithidea cingulata, yields 
paleoenvironmental reconstructions in environments where more commonly used 
sea-level indicators may be absent. 
 
As more local ΔR values become available in all regions of the world, the precision of 
inorganic marine 14C calibrations will also increase. This is particularly advantageous 
where terrestrial records are poor or absent and marine records are preserved 
instead. In such environments, foraminifera become increasingly useful, because in 
most marine environments specimen densities are high and test preservation is 
excellent. If precision of 14C age calibrations in marine environments can become 
comparable to the precision of terrestrial organic-carbon calibrations the results 
would have broad applicability in research regarding paleoenvironmental and RSL 
change. Accurate and precise calibrations of inorganic marine carbon would be 
especially useful in paleoseismic studies, where the postseismic environment often 
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has limited terrestrial carbon, but abundant foraminiferal tests. Currently, there are 
fewer radiocarbon ages derived from postseismic stratigraphic sequences than those 
derived from organic-rich terrestrial preseismic sequences because the limitation in 
carbon makes the stratigraphic unit difficult to sample (see Nelson et al., 1996, for 
more information). Potentially, chronologies of coseismic subsidence will be much 
better constrained with the increase of datable material in both the postseismic and 
preseismic sequences. 
 
Regardless of the preservation potential of both paleoearthquake and paleohurricane 
events, the paleoenvironmental reconstructions of these events are only as accurate 
and precise as the modern analogs. Thus, as the relationship between coastal 
environmental change and the ecological response of foraminifera, vascular plants, 
and intertidal macroinvertebrates, such as gastropods, become better understood, 
the resolution of all paleoenvironmental and RSL reconstructions will improve. In this 
dissertation, I identified the litho- and biostratigraphical evidence for 
paleoearthquakes that were preserved ca. 6500-7000 years BP in the Aceh Province 
of Northern Sumatra. The preservation of these early Holocene rapid paleoseismic 
events is sharply contrasted by the modern overwash study in this dissertation, 
which suggests that overwash sand deposited by a hurricane can be removed from 
the stratigraphic record on a relatively short time scale (less than 10 years).  
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APPENDIX I: CHAPTER TWO SUPPLEMENTARY MATERIALS 
1.1 SUPPLEMENTARY METHODS FOR CHAPTER TWO 
1.1.1 LEVELING OF CORES AND TIDAL MODELING  
We used a digital level to survey the relative elevation in meters of each core site to 
a temporary benchmark. All core sites were related to local mean tide level (MTL) by 
measuring the local water level over several days. We calculated all other tidal data 
relative to MTL based on the Oregon State University (OSU) regional inverse tidal 
solution for year 2004 data of Indonesia (Egbert and Erofeeva, 2002) using the 
software package NLOADF (Agnew, 1997). Details on the models can be found at: 
http://www.coas.oregonstate.edu/research/po/research/tide/ind.html.  
1.1.2. STRATIGRAPHIC DESCRIPTION IN THE FIELD 
The stratigraphy of Pulot and Seudu cores were described in the field using the 
Troels-Smith (1955) method. For each lithologic unit, the organic and clastic 
components were described and assigned a relative proportion on a quartile scale 
where 1 is 25% and 4 is 100%. Two specific cores, 3 (Pulot) and 12 (Seudu), were 
selected for analysis for this manuscript.  
1.1.3. GRAIN SIZE AND LOSS ON IGNITION 
To quantify the percent of organic matter of cores 3 (Pulot) and 12 (Seudu), loss on 
ignition (LOI) was analyzed following standard methods. LOI values were expressed 
as a percent of the mass of the entire sample. Grain size distribution was measured 
with a Camsizer, which measures the size and shape of the grains in a sample. In 
both cores, the entire grain size distribution was analyzed and from these data the 
coarse fraction of the sample was selected to be any grain larger than >63 µm at 
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Pulot and >125 µm at Seudu. The coarse fraction was defined differently at each site 
because the grain size distribution consisted of smaller grains at Seudu.   
1.1.4. FORAMINIFERAL IDENTIFICATIONS  
Samples from cores 3 (Pulot) and 12 (Seudu) were prepared for foraminifera 
following standard methods (Horton and Edwards, 2006). Specimens were 
concentrated using a polytungstate flotation technique (Munsterman and Kerstholt, 
1996) and in each sample 300 individuals were picked when possible (Buzas, 1990). 
Individuals were identified to the genus or species level. Species diversity was 
expressed using the Shannon’s Index equation (Shannon, 1948). We confirmed 
identifications by comparison with primary type and figured specimens in the 
Cushman Collection at the Smithsonian Institution, Washington, D.C. and the Natural 
History Museum, London. The environmental interpretations of the foraminifera were 
based on the studies of Loeblich and Tappan (1994), Cherif et al. (1997), Haig, 
(1997), Hayward et al. (1999), Murray (2006), and Hayward et al. (2010). 
 
1.1.5. POLLEN PREPARATION  
Pollen was prepared following standard methods (Traverse, 1988; Willard et al., 
2003). A Lycopodium tablet was added to each sample as an aliquot to calculate 
concentrations. Each sample was treated with hydrochloric acid to remove the 
carbonate fraction then neutralized and acetolyzed in a hot water bath for 10 
minutes. Samples were washed to a neutral pH and treated with potassium 
hydroxide and washed to neutral pH and sieved with 10 and 150 µm sieves to 
remove the clay and coarse fractions. The remaining material was stained with 
Bismark Brown, mounted with glycerin jelly, and counted to ~70 individuals when 
possible. Identifications were compared to plates and descriptions in Grindrod 
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(1985), Thanikaimoni (1987), Yulianto et al. (2005), and Engelhart et al. (2007). The 
genera Bruguiera and Ceriops could not be separated under light microscopy 
(Grindrod, 1985) and were grouped together as Bruguiera/Ceriops. Species diversity 
was expressed using the Shannon’s Index equation (Shannon, 1948). The 
environmental interpretations of the pollen were based on the studies of 
Thanikaimoni (1987), Yulianto et al. (2005), Engelhart et al. (2007), and Li et al. 
(2008). 
 
1.1.6. GASTROPOD IDENTIFICATION 
The gastropod was sampled from the cores and washed with deionized water to 
remove all debris. Population abundance after the 2004 Aceh-Andaman earthquake 
and tsunami was calculated by counting the number of shells in a m2 area on the 
surface in Seudu in 2006. Population restriction was related to the tidal frame by 
estimating number of shells along a surveyed transect from approximately 
freshwater to subtidal elevations. The gastropod lives in highest abundance (>400 
specimens per m2) on the tidal flat surface between MHW (0.3 m MTL) and MLW (-
0.3 m MTL). Identification of Cerithidea cingulata was confirmed by comparison with 
materials from the Academy of Natural Sciences, Philadelphia, Pennsylvania 
(Supplementary Plate 6.1). The environmental interpretations of the gastropod were 
based on the studies from tropical environments from Rao and Sukumar (1981), 
Ando and Tomiyama, (2005), Harada et al. (2007), Lu and Wu (2007), and Fujioka 
et al. (2008). 
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1.1.7. CLUSTER ANALYSIS 
We used a stratigraphically constrained CONISS cluster analysis on the foraminifera 
and pollen taxa to produce a nested series of clusters represented as a hierarchy or 
dendrogram (Prentice, 1986). Constrained means that clusters consist of contiguous 
samples. The raw counts of foraminifera and pollen were combined into one dataset 
and converted to relative percentages. Only taxa that comprised 5% or more in any 
sample were included in the analysis. The data were transformed to normalized 
chord distances and the dendrogram was scaled as total sum of squares. The 
analysis was performed in TGView (ver. 2.0.2) (Grimm, 2004). 
 
1.1.8. RADIOCARBON DATING AND CALIBRATION 
We isolated small wood fragments from the organic-rich horizons, and a shell of the 
gastropod Cerithidea cingulata from the overlying clastic sediment. All samples were 
washed in deionized water and cleaned under a microscope to remove all visible 
sediment. The samples were analyzed at the National Ocean Sciences Accelerator 
Mass Spectrometry Facility (NOSAMS) in Woods Hole, MA. Measured radiocarbon 
age, conventional radiocarbon age and δ13C were reported. Samples were calibrated 
using the CALIB (ver. 6.0) (Stuiver and Reimer, 1993) software package. The ages 
derived from the wood samples were calibrated using IntCal09 (Reimer et al., 2009). 
The age of the gastropod was calibrated using the Marine09 (Reimer et al., 2009) 
calibration curve and a ∆R correction of 33 ± 127 years. All ages are expressed as 
calibrated years BP (2σ) and rounded to the nearest ten years for presentation in 
text and figures. 
 
The ∆R corrects for the regional variability in the marine reservoir, which is not 
incorporated into the Marine09 calibration curve (Reimer et al., 2009). We derived a 
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site-specific ∆R by first measuring the 14C age of 11 individual Cerithidea cingulata 
shells collected before 1950 from the Aceh province and southeast Asia. Specimens 
were donated by the Academy of Natural Sciences, Philadelphia, PA and the Naturalis 
Museum of the Netherlands. The specimens were prepared using the standard 
procedures of Southon et al. (2002) and analyzed at the Keck Carbon Cycle 
Accelerator Mass Spectrometry (AMS) Facility at the University of California at Irvine. 
The actual 14C age measured for each shell was then compared to the expected 14C 
from the Marine09 (Reimer et al., 2009) calibration curve for the year the shell was 
collected. The average difference between the measured and modeled 14C ages is the 
value of ∆R, which we determined to be 33 ± 127 years. This correction was then 
incorporated into the Marine09 (Reimer et al., 2009) calibration curve.  
 
1.1.9. ESTIMATION OF COSEISMIC SUBSIDENCE 
Following Hawkes et al., (2010) we estimated coseismic subsidence in sedimentary 
sequences using the following equations: 
 
CS = Epre - Epost        (Eq. 1) 
 
where coseismic subsidence (CS) is estimated by subtracting the elevation of the 
pre-seismic sample (Epre) within the buried soil from the most reliable post-seismic 
sample (Epost) in the overlying clastic unit. We disregarded samples from inferred 
tsunami deposits because their microfossil assemblages are allochthonous.  
 
We calculated the uncertainty for each coseismic subsidence estimate using the 
following equation: 
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CS error = √[(Epre error)2 + (Epost error)2]     (Eq. 2) 
 
where, the coseismic subsidence error (CS error) is calculated from the elevational 
range of the mangrove buried soil (Epre error) and intertidal silty-clay (Epost error). 
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1.2 SUPPLEMENTARY TABLES FOR CHAPTER TWO 
1.2.1 TIDAL DATUMS AT PULOT AND SEUDU 
Tidal datums (m MTL) used to calculate coseismic subsidence, and the tidal range 
(m), at Pulot and Seudu. 
Tidal datum Abbreviation 
Elevation 
relative to 
MTL (m) 
Description 
Highest astronomical 
tide HAT 0.6 
The highest tidal height predicted from the 
result of maximum astronomical and typical 
meteorological forcing 
Mean high water MHW 0.3 The average of all daily high water elevations over a given time 
Mean low water MLW -0.3 The average of all daily low water elevations over a given time 
Mean range of tide MN 0.6 The difference between mean high water and mean low water, measured in meters 
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1.2.2 PULOT GRAIN SIZE DISTRIBUTION, LOI, AND TROELS-SMITH DESCRIPTION 
Grain size, loss on ignition (LOI), and Troels-Smith (1955) description for Pulot (C3). 
Site Depth (m) LOI Percent Greater than >63µm Troels-Smith(1955) Description 
Pulot  4.08 2.5 26.4 As 3, Ag 1, Gmin ++ 
 4.10 2.5 28.3 As 3, Ag 1, Gmin ++ 
 4.12 2.8 34.2 As 3, Ag 1, Gmin ++ 
 4.14 2.7 82.9 Gmin 2, Ag 1, As 1 
 4.16 2.6 84.7 Gmin 3, Ag 1 
 4.18 4.0 81.1 Gmin 3, Ag 1 
 4.20 9.3 57.1 Gmin 3, Ag 1 
 4.22 11.1 33.0 Gmin 3, Ag 1, Sh + 
 4.24 28.6 22.4 Gmin 3, Ag 1. Sh ++ 
 4.26 9.6 33.0 Sh 1, Th 1, Tl 1, Gmin 1 
 4.28 10.7 31.8 Sh 1, Th 1, Tl 1, Gmin 1 
 4.30 16.3 31.8 Sh 1, Th 1, Tl 1, Gmin 1 
 4.32 24.5 23.7 Sh 1, Th 1, Tl 1, Gmin 1 
 4.34 15.0 14.9 Sh 1, Th 1, Tl 1, Gmin 1 
 4.36 17.3 15.2 Sh 2, Th 1, Tl 1, Gmin ++ 
 4.38 22.4 5.6 Sh 2, Th 1, Tl 1, Gmin + 
 4.40 16.3 5.8 Sh 2, Th 1, Tl 1, Gmin + 
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1.2.3 SEUDU GRAIN SIZE DISTRIBUTION, LOI, AND TROELS-SMITH DESCRIPTION 
Grain size, loss on ignition (LOI), and Troels-Smith (1955) description for Seudu 
(C12). 
Site Depth (m) LOI Percent Greater than 
>125µm 
Troels-Smith (1955) Description 
Seudu 4.41 7.5 22.8 As 3, Ag 1, Gmin ++, Sh + 
 4.43 8.7 21.3 As 3, Ag 1, Gmin ++, Sh + 
 4.45 8.3 17.3 As 3, Ag 1, Gmin ++, Sh + 
 4.47 9.2 25.0 Gmin 3, Ag 1, As ++, Sh ++ 
 4.49 9.2 20.1 Gmin 3, Ag 1, As ++, Sh ++ 
 4.51 9.9 29.9 Gmin 3, Ag 1, As ++, Sh ++ 
 4.53 7.4 27.1 Gmin 3, Ag 1, As ++, Sh + 
 4.55 7.3 29.1 Gmin 3, Ag 1, As ++, Sh + 
 4.57 6.9 18.2 Gmin 2, Ag 1, As 1, Sh + 
 4.59 4.7 18.4 Dh 1, Sh 1, Ag 1, As 1, Gmin ++ 
 4.61 7.0 22.9 Dh 1, Sh 1, Ag 1, As 1, Gmin ++ 
 4.63 7.6 15.2 Dh 1, Sh 1, Ag 1, As 1, Gmin ++ 
 4.65 8.2 11.1 Dh 1, Sh 1, Ag 1, As 1, Gmin ++ 
 4.67 22.6 12.4 Dh 2, Sh 1, Ag 1, As ++, Gmin ++ 
 4.69 11.4 13.9 Dh 1, Sh 1, Ag 1, As 1, Gmin ++ 
 4.71 11.3 4.6 Dh 1, Sh 1, Ag 1, As 1, Gmin + 
 4.73 10.4 15.4 Dh 1, Sh 1, Ag 1, As 1, Gmin ++ 
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1.2.4 INVENTORY OF TOTAL (LIVE + DEAD) FORAMINIFERAL TAXA AT PULOT AND SEUDU 
Inventory of all identified foraminiferal taxa at Pulot and Seudu, listed as either 
indicative of an intertidal environment (IT) or an inner shelf environment (IS) based 
on previous works documented in chapter two.  
Foraminiferal taxa Environment  Foraminiferal taxa Environment 
Agglutinella arenata  IT  Nonionella sp. A IS 
Agglutinella sp.  IT  Nummulites sp. A IS 
Ammobaculites sp. IT  Nummulites sp. B IS 
Ammonia aoteana  IT  Nummulopyrgo sp. A  IS 
Ammonia convexa  IT  Operculina sp. IS 
Ammonia tepida IT  Pararotalia calcariformata IS 
Amphistegina lessonii IT  Pararotalia domantayi IS 
Amphistegina sp.  IT  Pararotalia nipponica IS 
Aphelophragmina brittanica IS  Pararotalia sp.  IS 
Asterorotalia gaimardi IS  Pararotalia venusta IS 
Asterorotalia milletti IS  Parrelloides hyalinus IS 
Baggina sp. A IS  Planispirinella sp. IS 
Bolivina compacta IT  Pseudohelenina collinsi IS 
Bolivina pseudopunctata IT  Pseudopatellinoides sp. IS 
Bolivina sp. A IT  Quinqueloculina sp. 1 IT 
Bolivina striatula IT  Quinqueloculina sp. 2 IT 
Cibicides sp. A IT  Quinqueloculina sp. 3 IT 
Discorbina candeiana IS  Quinqueloculina sp. 4 IT 
Discorbinella bertheloti IS  Quinqueloculina sp. 5 IT 
Elphidium advenum IS  Quinqueloculina sp. 6  IT 
Elphidium cf. E. neosimplex IT  Quinqueloculina sp. 7  IT 
Elphidium mortonbayensis IT  Quinqueloculina sp. 8  IT 
Elphidium reticulosum IT  Quinqueloculina sp. 9  IT 
Elphidium sp. D IT  Quinqueloculina sp. 10  IT 
Elphidium sp. E IT  Reussella sp. IT 
Elphidium sp. E IT  Rosalina cf. R. sp. C IS 
Elphidium striatopunctatus IT  Rosalina globularis IS 
Fujiella simplex IS  Rosalina sp. A IS 
Fissurina circularis IT  Rosalina sp. B IS 
Fissurina robusta IT  Rosalina sp. C IS 
Fissurina sp. A  IT  Rosalina sp. D IS 
Fissurina sp. B IT  Sigmavirgulina tortuosa IS 
Hanzawaia sp. A  IT  Spiroloculina manifesta IS 
Hanzawaia sp. B IT  Textularia lateralis  IT 
Hanzawaia sp. C IT  Textularia sp. IT 
Hopkinsinella glabra IS  Textularia sp. A IT 
Neorotalia calcar IS  Triloculina tricarinata IT 
Nonion sp. A IS  Triloculinella pseudooblonga IT 
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1.2.5 FORAMINIFERA AT PULOT CORE 3  
Total foraminifera (live + dead) at Pulot given as percent (%) of total assemblage. 
Depth 4.10-4.23 m. Species diversity index (SDI) is a unit-less index of diversity. 
Sample Depth (m) 4.10-4.11 4.12-4.13 4.14-4.15 4.16-4.17 4.18-4.19 4.20-4.21 4.22-4.23 
Specimens per 100 g 308 687 3800 2200 629 4368 32600 
Species diversity (SDI) 2.4 4.3 3.8 4.2 2.3 0.8 1.5 
Specimens picked 17 19 114 66 18 135 290 
Ammonia aoteana  47.1 5.3 43.9 42.4 44.4 88.9 72.1 
Ammonia convexa  0.0 5.3 0.0 0.0 0.0 0.0 0.0 
Ammonia tepida  11.8 42.1 0.0 0.0 0.0 0.0 0.0 
Amphistegina sp.  0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Aphelophragmina 
brittanica  0.0 0.0 0.0 0.0 0.0 0.0 0.3 
Asterorotalia gaimardi 0.0 5.3 11.4 12.1 11.1 2.2 1.4 
Asterorotalia milletti 0.0 0.0 2.6 1.5 5.6 0.0 0.3 
Baggina sp. A 0.0 5.3 1.8 3.0 5.6 0.0 0.7 
Bolivina compacta 0.0 5.3 0.0 0.0 0.0 0.0 0.0 
Discorbinella candeiana 0.0 0.0 0.0 0.0 0.0 0.0 0.3 
Discorbinella bertheloti 0.0 0.0 0.9 1.5 0.0 0.0 0.0 
Elphidium advenum 0.0 0.0 1.8 4.5 0.0 0.0 3.8 
Elphidium cf. E. 
neosimplex 0.0 0.0 0.0 1.5 27.8 1.5 0.3 
Elphidium mortonbayensis 0.0 5.3 0.0 0.0 0.0 1.5 0.0 
Elphidium reticulosum 0.0 5.3 0.9 3.0 0.0 0.7 0.0 
Elphidium sp. D 5.9 0.0 0.9 0.0 0.0 0.0 1.4 
Elphidium striatopunctatus 17.6 0.0 0.0 0.0 0.0 0.0 0.0 
Fujiella simplex 0.0 0.0 0.0 0.0 0.0 0.0 0.3 
Fissurina circularis 0.0 0.0 0.0 0.0 0.0 0.0 0.3 
Hopkinsinella glabra 0.0 0.0 0.0 0.0 0.0 0.0 0.7 
Nonionella sp. A 11.8 15.8 5.3 4.5 0.0 1.5 1.7 
Nummulites sp. A 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Pararotalia domantayi 0.0 0.0 0.0 1.5 0.0 0.0 0.0 
Pararotalia nipponica 5.9 0.0 7.0 1.5 0.0 0.0 0.3 
Pararotalia venusta 0.0 0.0 5.3 10.6 5.6 0.7 0.0 
Parrelloides hyalinus 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Pseudohelenina collinsi 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Quinqueloculina sp. 1 0.0 0.0 5.3 6.1 0.0 0.0 0.0 
Quinqueloculina sp. 2 0.0 0.0 5.3 0.0 0.0 3.0 15.5 
Quinqueloculina sp. 3 0.0 0.0 2.6 1.5 0.0 0.0 0.0 
Quinqueloculina sp. 4 0.0 0.0 0.0 1.5 0.0 0.0 0.3 
Rosalina globularis 0.0 5.3 0.0 0.0 0.0 0.0 0.0 
Rosalina sp. A 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Rosalina sp. C 0.0 0.0 0.0 1.5 0.0 0.0 0.0 
Rosalina sp. D 0.0 0.0 0.0 1.5 0.0 0.0 0.0 
Textularia sp. A 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 
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1.2.6 Foraminifera at Seudu core 12 
Total foraminifera (live + dead) at Seudu given as percent (%) of total assemblage. 
Depth 4.35-4.50 m. (page 1 of 4) 
Sample Depth (m) 4.35-4.36 
4.37-
4.38 
4.39-
4.40 
4.41-
4.42 
4.43-
4.44 
4.45-
4.46 
4.47-
4.48 
4.49-
4.50  
Specimens per 100 g 2521 9091 14246 20169 10584 22346 8385 13276 
Species Diversity (SDI) 3.1 4.0 4.4 3.1 4.0 3.2 3.2 3.6 
Specimens picked 30 150 255 238 163 300 161 231 
Asterorotalia gaimardi  0.0 0.0 1.2 5.5 3.7 0.0 1.2 0.9 
Agglutinella arenata  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Agglutinella sp.  0.0 3.3 1.2 2.9 2.5 1.3 4.3 0.0 
Ammobaculities sp. 0.0 0.7 0.4 0.4 0.0 0.0 0.0 0.9 
Ammonia aoteana 26.7 16.0 9.8 23.1 10.4 17.7 14.9 18.6 
Ammonia tepida 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 
Amphistegina lessonii 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
Aphelophragmina 
brittanica 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 
Asterorotalia milletti 0.0 0.7 1.2 0.0 0.0 0.3 0.0 0.0 
Baggina sp. A 3.3 0.7 0.8 0.4 0.6 0.0 0.0 0.4 
Bolivina pseudopunctata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 
Bolivina sp. A 0.0 0.0 0.0 0.0 0.0 0.3 1.2 0.4 
Bolivina striatula 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cibicides sp. A 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Discorbinella bertheloti 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium advenum 6.7 4.7 5.5 6.3 0.0 0.3 6.8 3.0 
Elphidium cf. E. 
neosimplex 0.0 13.3 5.9 2.9 13.5 7.7 16.8 7.8 
Elphidium reticulosum 6.7 6.7 12.2 3.4 3.7 5.7 1.2 2.6 
Elphidium sp. D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium sp. E 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium striatopunctatus 0.0 0.0 0.0 0.0 4.3 3.3 0.0 0.0 
Fujiella simplex 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 
Fissurina circularis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fissurina robusta 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fissurina sp. A  0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 
Fissurina sp. B 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hanzawaia sp. A  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hanzawaia sp. B 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hanzawaia sp. C 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hopkinsinella glabra 0.0 0.0 0.0 0.4 0.0 0.0 0.6 0.4 
Neorotalia calcar 0.0 0.7 1.2 1.3 0.0 0.3 0.0 0.4 
Nonion sp. A 0.0 1.3 0.0 0.0 0.6 0.0 0.0 0.4 
Nonionella sp. A 0.0 3.3 1.6 2.5 3.7 4.3 1.9 5.6 
Nummulites sp. A 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Nummulites sp. B 0.0 0.0 0.0 0.8 0.0 0.3 0.0 0.9 
Nummulopyrgo sp. A  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Operculina sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Total foraminifera (live + dead) at Seudu given as percent (%) of total assemblage. 
Depth 4.35-4.50 m. (page 2 of 4) 
Sample Depth (m) 4.35-4.36 
4.37-
4.38 
4.39-
4.40 
4.41-
4.42 
4.43-
4.44 
4.45-
4.46 
4.47-
4.48 
4.49-
4.50  
Pararotalia calcariformata 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 
Pararotalia domantayi 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Pararotalia nipponica 3.3 0.7 3.9 0.0 4.3 0.0 1.9 4.3 
Pararotalia sp.  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Pararotalia venusta 10.0 3.3 5.5 0.0 3.1 8.0 8.1 7.4 
Planispirinella sp. 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
Pseudopatellinoides sp. 0.0 0.0 0.4 0.0 0.6 0.0 0.0 0.0 
Quinqueloculina sp. 1 3.3 0.7 5.9 9.7 6.1 2.3 1.9 0.0 
Quinqueloculina sp. 2 16.7 11.3 9.8 0.0 14.7 14.7 23.0 10.4 
Quinqueloculina sp. 3 0.0 6.0 2.7 8.4 3.1 6.0 0.0 8.2 
Quinqueloculina sp. 4  0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina sp. 5  0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 
Quinqueloculina sp. 6  0.0 0.0 1.2 0.0 1.2 0.3 1.2 0.4 
Quinqueloculina sp. 7  0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina sp. 8  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina sp. 9  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina sp. 10  0.0 0.0 2.7 0.0 0.0 0.0 0.0 0.0 
Reussella sp. 0.0 0.0 0.8 0.0 3.7 1.0 0.0 0.9 
Rosalina cf. sp. C 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 
Rosalina globularis  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Rosalina sp. B 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
Rosalina sp. C 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Rosalina sp. D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Sigmavirgulina tortuosa 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Spiroloculina manifesta 0.0 7.3 5.9 2.5 3.1 3.7 1.2 0.9 
Textularia lateralis  0.0 1.3 0.0 0.0 4.3 2.7 0.0 0.0 
Textularia sp. 0.0 2.0 2.7 2.5 0.0 0.0 3.1 7.4 
Triloculina tricarinata 23.3 15.3 14.5 25.6 12.3 18.7 10.6 17.3 
Triloculinella 
pseudooblonga 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 
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Foraminifera at Seudu. Core 12, Depth 4.51-4.64 m. (page 3 of 4) 
Sample Depth (m) 4.51-4.52 
4.53-
4.54 
4.55-
4.56 
4.57-
4.58 
4.59-
4.60  
4.61-
4.62 
4.63-
4.64 
Specimens per 100 g 3103 7816 15862 44828 33563 40460 17563 
Species Diversity (SDI) 3.5 5.6 5.8 4.1 7.3 4.4 4.9 
Specimens picked 54 136 207 195 73 176 191 
Asterorotalia gaimardi  0.0 2.2 3.4 2.6 0.0 4.0 9.9 
Agglutinella arenata  0.0 0.0 0.0 0.0 0.0 0.0 0.5 
Agglutinella sp.  3.7 3.7 6.8 0.5 1.4 5.7 2.1 
Ammobaculities sp. 0.0 0.7 0.0 0.5 0.0 0.0 1.0 
Ammonia aoteana 29.6 18.4 8.7 34.9 16.4 19.9 6.8 
Ammonia tepida 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Amphistegina lessonii 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Aphelophragmina 
brittanica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Asterorotalia milletti 0.0 0.0 3.4 0.0 6.8 0.0 0.0 
Baggina sp. A 0.0 0.7 1.9 0.5 0.0 1.7 1.6 
Bolivina pseudopunctata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Bolivina sp. A 0.0 1.5 1.0 1.5 2.7 0.0 1.0 
Bolivina striatula 0.0 0.0 0.0 0.0 2.7 0.0 0.0 
Cibicides sp. A 0.0 0.0 0.0 0.0 1.4 0.0 0.0 
Discorbinella bertheloti 0.0 0.7 0.5 0.0 0.0 0.0 0.0 
Elphidium advenum 1.9 10.3 3.9 2.1 1.4 1.1 2.1 
Elphidium cf. E. 
neosimplex 13.0 11.8 4.8 6.7 0.0 4.5 8.9 
Elphidium reticulosum 3.7 0.7 4.3 1.5 1.4 1.7 4.7 
Elphidium sp. D 0.0 0.0 0.0 0.5 0.0 0.0 0.0 
Elphidium sp. E 0.0 0.0 0.0 0.5 0.0 0.0 0.0 
Elphidium 
striatopunctatus 0.0 0.0 0.0 0.0 1.4 0.0 0.0 
Fujiella simplex 0.0 0.0 0.5 0.0 0.0 0.0 0.0 
Fissurina circularis 0.0 0.0 0.0 0.0 1.4 0.0 0.0 
Fissurina robusta 0.0 1.5 0.0 0.0 0.0 0.0 0.0 
Fissurina sp. A  0.0 0.7 0.0 0.0 0.0 0.0 0.0 
Fissurina sp. B 0.0 0.0 0.0 0.0 1.4 0.0 0.0 
Hanzawaia sp. A  0.0 0.0 0.5 0.0 0.0 0.0 0.0 
Hanzawaia sp. B 0.0 0.0 0.0 0.0 0.0 0.6 0.0 
Hanzawaia sp. C 0.0 0.0 0.0 0.0 0.0 0.6 0.5 
Hopkinsinella glabra 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Neorotalia calcar 0.0 2.2 0.5 0.0 0.0 0.6 0.0 
Nonion sp. A 0.0 1.5 1.4 2.1 0.0 2.3 4.2 
Nonionella sp. A 1.9 2.9 6.8 6.2 6.8 5.1 3.7 
Nummulites sp. A 0.0 0.0 0.5 0.0 0.0 0.0 0.5 
Nummulites sp. B 0.0 0.0 0.5 0.0 0.0 0.0 2.1 
Nummulopyrgo sp. A  0.0 0.0 0.0 0.0 0.0 0.6 0.0 
Operculina sp. 0.0 0.0 0.5 0.0 0.0 0.0 0.0 
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Foraminifera at Seudu. Core 12, Depth 4.51-4.64 m. (page 4 of 4) 
Sample Depth (m) 4.51-4.52 
4.53-
4.54 4.55-4.56 4.57-4.58 4.59-4.60  4.61-4.62 4.63-4.64 
Pararotalia calcariformata 0.0 0.0 0.0 0.0 0.0 0.0 0.5 
Pararotalia domantayi 0.0 0.0 0.5 0.5 0.0 0.0 0.5 
Pararotalia nipponica 0.0 2.9 5.8 5.6 5.5 0.0 1.0 
Pararotalia sp.  0.0 0.0 0.5 0.0 1.4 0.6 0.0 
Pararotalia venusta 7.4 7.4 9.2 4.6 2.7 8.5 14.1 
Planispirinella sp. 0.0 0.0 1.0 0.0 2.7 0.0 0.0 
Pseudopatellinoides sp. 0.0 0.0 0.0 0.0 1.4 0.0 0.0 
Quinqueloculina sp. 1 0.0 9.6 1.9 4.1 16.4 14.8 6.8 
Quinqueloculina sp. 2 24.1 4.4 7.2 11.3 0.0 0.0 8.9 
Quinqueloculina sp. 3 3.7 5.1 6.3 5.6 4.1 6.3 3.1 
Quinqueloculina sp. 4  0.0 0.0 0.0 0.5 4.1 0.0 0.0 
Quinqueloculina sp. 5  0.0 0.7 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina sp. 6  1.9 2.2 1.4 1.0 0.0 0.6 0.0 
Quinqueloculina sp. 7  0.0 0.7 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina sp. 8  0.0 0.0 0.0 0.5 2.7 0.0 0.0 
Quinqueloculina sp. 9  0.0 0.0 1.0 0.0 1.4 0.0 0.0 
Quinqueloculina sp. 10  0.0 0.0 0.0 0.0 0.0 0.0 0.5 
Reussella sp. 0.0 0.7 0.0 1.0 0.0 1.1 1.0 
Rosalina cf. R. sp. C 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Rosalina globularis  0.0 0.0 0.0 0.0 2.7 0.0 0.0 
Rosalina sp. B 0.0 0.0 0.5 0.0 0.0 0.6 0.0 
Rosalina sp. C 1.9 0.7 0.0 0.0 0.0 0.0 0.0 
Rosalina sp. D 0.0 0.0 0.0 0.5 0.0 0.0 0.0 
Sigmavirgulina tortuosa 0.0 0.0 0.0 0.5 0.0 0.0 0.0 
Spiroloculina manifesta 3.7 3.7 3.9 0.0 4.1 4.5 4.2 
Textularia lateralis  0.0 0.7 2.4 0.0 0.0 1.7 0.0 
Textularia sp. 3.7 1.5 2.4 0.0 2.7 2.3 4.7 
Triloculina tricarinata 0.0 0.0 5.8 4.1 2.7 10.2 4.2 
Triloculinella 
pseudooblonga 0.0 0.0 0.5 0.0 0.0 0.6 0.5 
Total (%) 100 100 100 100 100 100 100 
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1.2.6 INVENTORY OF ALL POLLEN IN PULOT AND SEUDU CORES 
Inventory of all identified pollen and spore taxa at Pulot and Seudu, listed as 
mangrove pollen (MP), mixed tropical forest pollen (FP), or fern spores (FS). 
Environmental interpretation based on previous works referenced in chapter two. 
Pollen/Spore taxa Environment  Pollen/Spore taxa Environment 
Aquifoliaceae FP  Polygonaceae FP 
Asteraceae FP  psilate tricolpate FP 
Avicennia  MP  reticulate triporate FP 
Brownlowia MP  reticulated tricolporate FP 
Caprifoliaceae FP  Rhizophora  MP 
Casuarina FP  Rubiaceae FP 
Ceriops MP  saccate pollen FP 
Ceriops decandra MP  Scyphiphora  MP 
clavate pollen FP  tectate tricolpate sp. A FP 
Commelinaceae FP  tricolpate FP 
Cyperaceae MP  tricolpate reticulated FP 
diporate pitted FP  tricolpate sp. A FP 
echinate triporate FP  tricolpate sp. B FP 
Excoecaria MP  tricolpate sp. C FP 
Fabaceae FP  tricolpate sp. D FP 
five colpi/spores FP  tricolpate sp. E FP 
grass FP  tricolporate FP 
Juglandaceae  FP  trilete spore FS 
Lumnitzera MP  triporate FP 
monolete spore FS  triporate sp. A FP 
Nypa MP  triporate sp. B FP 
Onagraceae FP  tst FP 
P07 FP  Xylocarpus MP 
palm FP  4 pores FP 
periporate  FP  4 pores FP 
pitted tricolporate FP  5 colpi FP 
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APPENDIX II: CHAPTER THREE SUPPLEMENTARY MATERIALS  
 
2.1 SUPPLEMENTARY TABLES FOR CHAPTER THREE 
2.1.1 TOTAL (LIVE + DEAD) FORAMINIFERA TAXA RELATIVE ABUNDANCES (%) AT SEUDU 
MODERN TRANSECT 
Total Foraminiferal Relative Abundances Modern Transect Stations 1-13 (page 1 of 7) 
Station Number 1 2 3 4 5 6 7 8 9 10 11 12 13 
Specimens 
Picked 
106 115 123 136 136 109 123 95 111 100 128 101 119 
Agglutinella 
arenata 
0.0 0.0 0.0 0.0 0.8 0.0 0.0 1.1 0.0 0.0 0.0 3.0 0.0 
Agglutinella sp.  0.0 0.9 0.0 2.3 1.5 2.8 2.5 5.7 0.0 3.1 0.0 0.0 0.9 
Allassoida 
schlumbergeri 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 
Ammobaculites 
sp.  
2.8 5.5 1.7 3.8 0.8 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
aoteana 
48.1 17.4 43.8 15.3 33.8 15.1 21.5 25.0 13.0 4.1 23.6 20.2 23.3 
Ammonia sp. 0.9 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia tepida 0.0 2.8 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Amphistegina 
sp. 
0.0 1.8 0.0 0.8 0.8 1.9 1.7 1.1 0.0 0.0 0.8 1.0 0.0 
Angulodiscorbis 
sp. 
0.0 0.0 0.0 0.0 0.0 0.0 0.8 1.1 0.0 0.0 0.0 0.0 0.0 
Anomalinella sp.  0.9 0.9 0.0 1.5 1.5 0.0 2.5 1.1 0.0 1.0 0.8 4.0 2.6 
Asterorotalia 
gaimardi 
0.0 0.0 0.0 0.8 0.0 0.0 6.6 11.4 2.2 0.0 0.0 0.0 0.0 
Asterorotalia 
milletti 
2.8 0.0 2.5 0.8 6.0 11.3 5.8 0.0 6.5 0.0 2.4 9.1 8.6 
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Total Foraminiferal Relative Abundances Modern Transect Stations 1-13 (page 2 of 7) 
Station Number 1 2 3 4 5 6 7 8 9 10 11 12 13 
Baggina sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 1.0 1.6 0.0 0.0 
Bigenerina sp. 0.0 0.0 0.0 4.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Bolivina sp. 4.7 1.8 5.0 3.1 0.8 0.9 5.0 1.1 2.2 1.0 0.8 2.0 5.2 
Cibicides sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 
Cymbaloporetta 
sp. 
0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 4.3 0.0 1.6 1.0 1.7 
Discorbinella 
montereyensis 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 0.0 0.0 
Discorbinella 
sp. 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 
Eilohedra sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 
Elphidium 
advenum 
0.0 1.8 3.3 6.9 6.8 10.4 0.8 3.4 0.0 6.1 4.7 5.1 4.3 
Elphidium 
mortonbayensis 
0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
neosimplex 
0.9 1.8 0.8 0.0 2.3 0.0 0.0 0.0 0.0 5.1 2.4 3.0 3.4 
Elphidium cf. E. 
neosimplex 
0.9 0.0 0.0 0.0 0.0 0.0 0.0 2.3 2.2 3.1 0.8 0.0 0.9 
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Total Foraminiferal Relative Abundances Modern Transect Stations 1-13 (page 3 of 7) 
Station Number 1 2 3 4 5 6 7 8 9 10 11 12 13 
Elphidium 
reticulosum 
0.9 0.9 0.0 3.8 0.8 1.9 3.3 4.5 0.0 2.0 0.8 1.0 0.0 
Elphidium sp. 0.0 1.8 1.7 2.3 7.5 0.9 5.8 3.4 0.0 0.0 3.1 2.0 0.0 
Elphidium 
striatopunctatus 
0.0 0.0 0.0 6.9 0.0 2.8 1.7 0.0 0.0 0.0 1.6 0.0 1.7 
Eponoides sp.  1.9 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 2.0 0.9 
Euuvigerina sp.  0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fujiella simplex 0.0 0.9 0.0 2.3 1.5 1.9 0.0 1.1 0.0 2.0 0.0 1.0 0.0 
Globorotalia 
wilesi 
0.0 0.9 0.0 3.1 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hanzawaia sp.  0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 1.6 1.0 3.4 
Hanzawaia 
grossepunctata 
0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Heterolepa sp.  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.8 0.0 0.0 
Heterolepa sp. 
A 
0.0 0.9 0.0 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.8 2.0 0.0 
Heterolepa sp. 
B 
0.0 1.8 0.0 0.0 1.5 0.9 0.8 0.0 0.0 0.0 0.8 1.0 0.0 
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Total Foraminiferal Relative Abundances Modern Transect Stations 1-13 (page 4 of 7) 
Station 
Number 
1 2 3 4 5 6 7 8 9 10 11 12 13 
Hopkinsinella 
glabra 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 0.0 0.0 0.0 0.0 
Millettiana 
millettii 
0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Neorotalia 
calcar 
0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.1 1.0 0.0 
Nodogenerina 
sp. 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 
Nonionella sp. 0.9 0.9 2.5 1.5 3.8 0.0 0.0 2.3 0.0 0.0 0.0 1.0 2.6 
Nubeculina 
advena 
0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 
Nummulites 
sp. 
0.0 0.0 0.0 0.0 0.0 0.0 2.5 0.0 4.3 2.0 3.9 0.0 0.0 
Nummulopyrgo 
sp.  
0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 
Pararotalia 
domantayi 
0.9 3.7 0.0 3.1 0.0 7.5 0.8 3.4 0.0 5.1 1.6 7.1 0.9 
Pararotalia 
nipponica 
2.8 3.7 3.3 4.6 3.0 7.5 9.9 2.3 4.3 15.3 6.3 8.1 0.9 
Pararotalia 
venusta 
1.9 9.2 2.5 10.7 3.8 3.8 0.0 6.8 10.9 16.3 9.4 5.1 7.8 
Parrelloides 
hyalinus 
0.0 0.0 0.0 0.0 0.0 0.0 1.7 1.1 0.0 1.0 0.8 1.0 0.9 
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Total Foraminiferal Relative Abundances Stations 1-13 (page 5 of 7) 
Station Number 1 2 3 4 5 6 7 8 9 10 11 12 13 
Peneroplis? sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 0.0 0.0 0.0 0.0 
Planispirinella 
sp. 
0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Planktonic 0.9 0.0 1.7 0.8 1.5 0.0 1.7 0.0 8.7 1.0 2.4 0.0 1.7 
Pseudohelenina 
sp. 
0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
sp. 1 
0.0 9.2 0.0 4.6 13.5 6.6 10.7 6.8 2.2 12.2 3.9 9.1 12.1 
Quinqueloculina 
sp. 2 
17.9 21.1 24.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
sp. 3 
0.0 0.0 0.0 5.3 0.8 0.0 1.7 0.0 0.0 7.1 4.7 5.1 8.6 
Quinqueloculina 
sp. 5 
0.0 0.0 0.0 2.3 0.0 8.5 0.0 1.1 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
sp. 6 
0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 6.5 0.0 0.0 0.0 0.0 
Quinqueloculina 
sp. 7 
0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 
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Total Foraminiferal Relative Abundances Stations 1-13 (page 6 of 7) 
Station Number 1 2 3 4 5 6 7 8 9 10 11 12 13 
Quinqueloculina 
sp. 8 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 
Quinqueloculina 
sp. 9 
0.9 0.9 0.8 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
sp. 10 
2.8 0.0 0.0 0.8 0.8 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
sp. 11 
0.9 0.0 0.0 0.8 0.8 1.9 0.0 3.4 0.0 1.0 1.6 1.0 0.0 
Reussella sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0 1.0 0.8 0.0 0.0 
Rosalina 
globularis 
0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 4.3 2.0 0.8 0.0 0.0 
Rosalina sp. 0.0 0.0 0.8 0.0 0.8 0.9 0.0 1.1 0.0 2.0 1.6 0.0 0.0 
Siphogeneria 
striatula 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 
Spiroloculina 
manifesta 
0.0 0.0 1.7 0.0 0.0 0.0 0.0 1.1 21.7 0.0 0.0 0.0 2.6 
Spiroloculina 
sp. 
0.0 0.0 0.0 2.3 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Total Foraminiferal Relative Abundances Stations 1-13 (page 7 of 7) 
Station 
Number 
1 2 3 4 5 6 7 8 9 10 11 12 13 
Textularia sp. 0.0 1.8 0.0 0.8 0.0 1.9 3.3 2.3 0.0 0.0 3.9 1.0 3.4 
Triloculina 
pseudooblonga 
0.0 0.0 0.0 0.8 0.0 2.8 0.8 3.4 0.0 1.0 0.0 1.0 0.0 
Triloculina 
tricarinata 
0.9 0.0 0.0 0.8 0.0 0.9 0.0 0.0 0.0 2.0 0.8 0.0 0.9 
Trimosina sp. 0.9 1.8 0.8 0.8 0.8 0.0 2.5 0.0 0.0 0.0 0.8 0.0 0.0 
Truncorotalia 
sp. 
0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 
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2.1.2 FORAMINIFERA AT PULOT CORE 3  
Total foraminifera (live + dead) at Pulot given as percent (%) of total assemblage. 
Depth 4.10-4.23 m. Species diversity index (SDI) is a unit-less index of diversity. 
Sample Depth (m) 4.10-4.11 4.12-4.13 4.14-4.15 4.16-4.17 4.18-4.19 4.20-4.21 4.22-4.23 
Specimens per 100 g 308 687 3800 2200 629 4368 32600 
Species diversity (SDI) 2.4 4.3 3.8 4.2 2.3 0.8 1.5 
Specimens picked 17 19 114 66 18 135 290 
Ammonia aoteana  47.1 5.3 43.9 42.4 44.4 88.9 72.1 
Ammonia convexa  0.0 5.3 0.0 0.0 0.0 0.0 0.0 
Ammonia tepida  11.8 42.1 0.0 0.0 0.0 0.0 0.0 
Amphistegina sp.  0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Aphelophragmina 
brittanica  0.0 0.0 0.0 0.0 0.0 0.0 0.3 
Asterorotalia gaimardi 0.0 5.3 11.4 12.1 11.1 2.2 1.4 
Asterorotalia milletti 0.0 0.0 2.6 1.5 5.6 0.0 0.3 
Baggina sp. A 0.0 5.3 1.8 3.0 5.6 0.0 0.7 
Bolivina compacta 0.0 5.3 0.0 0.0 0.0 0.0 0.0 
Discorbinella candeiana 0.0 0.0 0.0 0.0 0.0 0.0 0.3 
Discorbinella bertheloti 0.0 0.0 0.9 1.5 0.0 0.0 0.0 
Elphidium advenum 0.0 0.0 1.8 4.5 0.0 0.0 3.8 
Elphidium cf. E. 
neosimplex 0.0 0.0 0.0 1.5 27.8 1.5 0.3 
Elphidium mortonbayensis 0.0 5.3 0.0 0.0 0.0 1.5 0.0 
Elphidium reticulosum 0.0 5.3 0.9 3.0 0.0 0.7 0.0 
Elphidium sp. D 5.9 0.0 0.9 0.0 0.0 0.0 1.4 
Elphidium striatopunctatus 17.6 0.0 0.0 0.0 0.0 0.0 0.0 
Fujiella simplex 0.0 0.0 0.0 0.0 0.0 0.0 0.3 
Fissurina circularis 0.0 0.0 0.0 0.0 0.0 0.0 0.3 
Hopkinsinella glabra 0.0 0.0 0.0 0.0 0.0 0.0 0.7 
Nonionella sp. A 11.8 15.8 5.3 4.5 0.0 1.5 1.7 
Nummulites sp. A 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Pararotalia domantayi 0.0 0.0 0.0 1.5 0.0 0.0 0.0 
Pararotalia nipponica 5.9 0.0 7.0 1.5 0.0 0.0 0.3 
Pararotalia venusta 0.0 0.0 5.3 10.6 5.6 0.7 0.0 
Parrelloides hyalinus 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Pseudohelenina collinsi 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Quinqueloculina sp. 1 0.0 0.0 5.3 6.1 0.0 0.0 0.0 
Quinqueloculina sp. 2 0.0 0.0 5.3 0.0 0.0 3.0 15.5 
Quinqueloculina sp. 3 0.0 0.0 2.6 1.5 0.0 0.0 0.0 
Quinqueloculina sp. 4 0.0 0.0 0.0 1.5 0.0 0.0 0.3 
Rosalina globularis 0.0 5.3 0.0 0.0 0.0 0.0 0.0 
Rosalina sp. A 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Rosalina sp. C 0.0 0.0 0.0 1.5 0.0 0.0 0.0 
Rosalina sp. D 0.0 0.0 0.0 1.5 0.0 0.0 0.0 
Textularia sp. A 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 
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2.1.3 GRAIN SIZE DISTRIBUTION (%) OF MODERN TRANSECT AT SEUDU 
Grain size distribution following Wentworth scale in micrometers (µm) 
 clay silt v. fine sand fine sand 
medium 
sand 
coarse 
sand 
v. coarse 
sand 
Station 2 to 31 µm 
31-62.5 
µm 
62.5-125 
µm 
125-250 
µm 
250-500 
µm 
500-1000 
µm >1000 µm 
1 97 3 0 0 0 0 0 
2 32 48 5 7 5 3 0 
3 38 50 4 3 3 1 0 
4 29 49 5 7 7 3 0 
5 22 43 7 9 12 6 0 
6 5 11 9 20 25 21 10 
7 9 20 12 28 23 8 1 
8 1 5 8 26 34 23 4 
9 1 19 32 33 10 6 0 
10 0 4 18 43 25 10 2 
11 1 11 19 36 22 10 1 
12 0 3 13 42 34 7 1 
13 0 6 7 25 35 18 9 
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2.1.4 LOSS ON IGNITION (%) OF MODERN TRANSECT AT SEUDU 
Loss on Ignition (%) calculated with sediment (g) at Seudu 
Station Crucible ID 
Crucible 
weight 
Wet sed. 
weight 
Dry sed. 
weight 
Ash 
weight 
Loss on 
ignition 
LOI 
percent 
1 B6 17.59 7.21 3.54 3.21 0.33 9.26 
2 30 16.81 6.11 2.67 2.38 0.29 10.83 
3 D3 17.83 4.11 1.98 1.76 0.22 10.92 
4 74 18.35 6.23 3.28 2.94 0.34 10.52 
5 75 16.85 7.65 4.69 4.33 0.36 7.64 
6 63 18.14 7.18 5.19 4.90 0.29 5.61 
7 78 18.08 7.82 6.30 5.98 0.32 5.05 
8 A4 18.64 6.28 5.30 5.10 0.20 3.70 
9 F2 18.47 6.43 4.72 4.45 0.26 5.58 
10 32 16.47 7.82 6.25 6.03 0.22 3.52 
11 62 15.05 4.46 3.28 3.11 0.18 5.42 
12 E3 17.22 6.72 5.10 4.90 0.21 4.04 
13 59 17.80 5.55 3.79 3.57 0.23 6.04 
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2.2 SUPPLEMENTARY PLATE FOR CHAPTER THREE 
PLATE 2.2.1 FORAMINIFERAL TAXA AND CERITHIDEA CINGULATA FROM THE TRANSECT AT 
SEUDU 
 
Plate 2.1.1: All scale bars for foraminifera are equal to 100 µm. Scale bar for 
gastropod is 5 mm. 1) Elphidium advenum Cushman, side view. 2) Elphidium 
reticulosum Cushman, side view. 3) Ammonia aoteana (Finlay), umbilical view. 4) 
Asterorotalia milletti Hottinger and Oesterle, spiral view. 5) Asterorotalia milletti 
Hottinger and Oesterle, umbilical view. 6) Triloculina tricarinata d’Orbigny, side view. 
7) Quinqueloculina sp. 1 d’Orbigny, side view. 8) Quinqueloculina sp. 2 d’Orbigny, 
side view. 9) Quinqueloculina sp. 3 d’Orbigny, side view. 10) Pararotalia domantayi 
McCulloch, umbilical view. 11) Pararotalia venusta (Brady), umbilical view. 12) 
Cerithidea cingulata Gmelin. 
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Plate 2.2.1  
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APPENDIX III: CHAPTER FOUR SUPPLEMENTARY MATERIALS 
 
3.1 SUPPLEMENTARY TABLES FOR CHAPTER FOUR 
3.1.1 PERCENT ABUNDANCES (LIVE) OF THE OVERWASH TRANSECT IN 2004 
Live foraminiferal abundances (%) across the overwash deposit in 2004. Fraction 
picked is standardized from 0 - 1, where 1 equals 100%. 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count 154 221 27 27 6 0 0 0 0 0 0 0 0 0 
Fraction picked 0.04 0.03 0.02 1.00 0.50 0.38 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Total per 100% 
sample 3696 7956 1237 27 12 0 0 0 0 0 0 0 0 0 
Standing crop 
(total in 100 g) 15400 28414 1649 54 26 0 0 0 0 0 0 0 0 0 
Ammobaculites 
sp. 11.0 6.3 0.0 0.0 0.0 0 0 0 0 0 0 0 0 0 
Ammonia 
parkinsoniana 27.9 29.4 0.0 0.0 0.0 0 0 0 0 0 0 0 0 0 
Ammonia tepida 0.0 0.0 3.7 0.0 0.0 0 0 0 0 0 0 0 0 0 
Arenoparrella 
mexicana 0.0 0.0 40.7 0.0 0.0 0 0 0 0 0 0 0 0 0 
Elphidium 
excavatum 0.0 1.4 7.4 0.0 0.0 0 0 0 0 0 0 0 0 0 
Elphidium cf. E. 
galvestonense 0.0 6.3 0.0 0.0 0.0 0 0 0 0 0 0 0 0 0 
Elphidium gunteri 7.8 0.0 0.0 0.0 0.0 0 0 0 0 0 0 0 0 0 
Haynesina 
germanica 6.5 3.2 0.0 92.6 0.0 0 0 0 0 0 0 0 0 0 
Jadammina 
macrescens 0.0 0.0 0.0 3.7 66.7 0 0 0 0 0 0 0 0 0 
Quinqueloculina 
Q. cf. impressa  26.6 31.7 0.0 0.0 0.0 0 0 0 0 0 0 0 0 0 
Quinqueloculina 
tenagos  20.1 21.7 3.7 0.0 0.0 0 0 0 0 0 0 0 0 0 
Tiphotrocha 
comprimata 0.0 0.0 3.7 3.7 16.7 0 0 0 0 0 0 0 0 0 
Trochammina 
inflata 0.0 0.0 40.7 0.0 16.7 0 0 0 0 0 0 0 0 0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.2 PERCENT ABUNDANCES (LIVE) OF THE OVERWASH TRANSECT IN 2005 
Live foraminiferal abundances (%) across the overwash deposit in 2005. Fraction 
picked is standardized from 0 - 1, where 1 equals 100%. 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count 151 163 241 17 3 3 1 3 0 1 0 0 3 0 
Fraction picked 0.17 0.07 0.21 0.50 0.38 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Total per 100% 
sample 996 2043 144 52 5 8 4 8 2 4 8 0 4 6 
Standing crop 
(total in 100 g) 7665 12771 626 325 41 53 25 50 11 18 40 0 22 32 
Ammobaculites 
sp. 3.3 1.8 10.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 47.7 66.9 57.7 29.4 33.3 66.7 0.0 0.0 0.0 0.0 0.0 0.0 33.3 0.0 
Ammonia 
tepida 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 66.7 0.0 
Elphidium 
galvestonense 0.0 0.0 4.6 5.9 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium cf. E. 
galvestonense 29.1 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
gunteri 0.0 10.4 16.6 5.9 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 
Elphidium 
poeyanum 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium sp. 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fissurina sp. 1.3 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hanzawaia 
strattoni 0.0 0.0 0.0 0.0 0.0 33.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haynesina 
germanica 0.7 1.8 5.0 17.6 0.0 0.0 0.0 33.3 0.0 0.0 0.0 0.0 0.0 0.0 
Juvenile sp. 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Miliammina 
fusca 0.0 0.0 2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa 0.0 0.0 0.0 29.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
tenagos 16.6 16.0 1.2 11.8 66.7 0.0 0.0 66.7 0.0 0.0 0.0 0.0 0.0 0.0 
Trochammina 
inflata 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.3 PERCENT ABUNDANCES (LIVE) OF THE OVERWASH TRANSECT IN 2006 
Live foraminiferal abundances (%) across the overwash deposit in 2006. Fraction 
picked is standardized from 0 - 1, where 1 equals 100%. 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total picked 139 35 159 8 13 3 1 2 0 0 0 0 0 0 
Fraction picked  0.63 0.63 0.44 0.50 0.50 0.50 1.00 1.00 1.00 1.00 1.00 1.00 0.50 1.00 
Total per 100% 
sample  222 56 363 16 26 6 1 2 0 0 0 0 0 0 
Standing crop 
(total in 100 g) 2127 467 4846 133 217 75 8 13 0 0 0 0 0 0 
Ammobaculites 
sp. 0.0 20.0 23.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 20.1 14.3 17.0 0.0 15.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Buccella 
depressa 0.0 0.0 0.0 12.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
subarcticum 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 0.0 2.9 0.0 37.5 7.7 33.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
galvestonense 0.0 0.0 15.7 0.0 0.0 33.3 0.0 50.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium cf. E. 
galvestonense 66.9 54.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
gunteri 0.0 0.0 7.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 0.0 0.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fragments 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haynesina 
germanica 5.0 5.7 30.2 12.5 15.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
sp. 6.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa  0.0 0.0 3.8 37.5 46.2 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
tenagos  0.0 2.9 0.0 0.0 15.4 33.3 0.0 50.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.4 PERCENT ABUNDANCES (LIVE) OF THE OVERWASH TRANSECT IN 2007 
Live foraminiferal abundances (%) across the overwash deposit in 2007. Fraction 
picked is standardized from 0 - 1, where 1 equals 100%. 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count 22 6 37 3 0 0 0 0 0 0 0 0 0 0 
Fraction picked 1 1 0.25 1 1 1 1 1 1 1 1 1 1 1 
Total per 100% 
sample 22 6 148 3 0 0 0 0 0 0 0 0 0 0 
Standing crop 
(total in 100 g) 220 30 987 30 0 0 0 0 0 0 0 0 0 0 
Ammonia 
parkinsoniana 54.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Arenoparrella 
mexicana 0.0 0.0 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 13.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
galvestonense 0.0 16.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 0.0 0.0 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
poeyanum 0.0 33.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium sp. 0.0 16.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haynesina 
germanica 31.8 33.3 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Helenina 
anderseni  0.0 0.0 48.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Tiphotrocha 
comprimata 0.0 0.0 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trochammina 
inflata 0.0 0.0 43.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.5 PERCENT ABUNDANCES (LIVE) OF THE OVERWASH TRANSECT IN 2008 
Live foraminiferal abundances (%) across the overwash deposit in 2008. Fraction 
picked is standardized from 0 - 1, where 1 equals 100%. 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count 158 174 52 5 1 0 0 0 0 0 0 0 0 0 
Fraction picked 1.00 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.50 0.50 
Total per 100% 
sample 2077 5591 1742 418 75 74 14 26 25 52 58 26 36 29 
Standing crop 
(total in 100 g) 12924 24726 12289 2943 561 668 108 197 267 490 373 185 206 207 
Ammobaculites 
sp. 0.0 0.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 7.0 1.7 9.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Arenoparrella 
mexicana 0.0 0.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cibicides sp. 0.0 0.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 14.6 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
galvestonense 0.0 0.0 5.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium cf. Q. 
galvestonense 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium gunteri 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 67.7 88.5 21.2 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
poeyanum 3.2 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haynesina 
germanica 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Helenina 
anderseni  0.0 0.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Jadammina 
macrescens 0.0 0.0 1.9 20.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
sp. 5.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
tenagos  0.0 5.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trichohyalus 
aguayoi  0.0 0.0 40.4 40.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trochammina 
inflata 0.0 0.0 13.5 40.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.6 PERCENT ABUNDANCES (LIVE) OF THE OVERWASH TRANSECT IN 2009 
Live foraminiferal abundances (%) across the overwash deposit in 2009. Fraction 
picked is standardized from 0 - 1, where 1 equals 100%. 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count 0 4 69 33 42 3 106 37 244 211 222 0 0 0 
Fraction picked N/A 0.50 0.25 1.00 1.00 0.25 0.56 0.50 0.13 0.25 0.25 0.13 1.00 0.25 
Total per 100% 
sample 
N/A 8 276 33 42 12 188 74 1952 844 888 0 0 0 
Standing crop 
(total in 100 g) 
N/A 32 1104 132 168 48 754 296 7808 3376 3552 0 0 0 
Ammobaculites 
sp. 0.0 0.0 13.0 6.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 0.0 0.0 4.3 42.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Arenoparrella 
mexicana 0.0 0.0 44.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 0.0 25.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 0.0 75.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haplophragmoides 
wilberti 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.7 0.0 0.0 0.0 0.0 0.0 0.0 
Helenina 
anderseni  0.0 0.0 1.4 9.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Jadammina 
macrescens 0.0 0.0 7.2 0.0 83.3 0.0 7.5 5.4 0.4 1.9 0.5 0.0 0.0 0.0 
Miliammina fusca 0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa  0.0 0.0 0.0 18.2 2.4 100.0 4.7 5.4 1.2 0.9 1.8 0.0 0.0 0.0 
Trichohyalus 
aguayoi  0.0 0.0 4.3 18.2 4.8 0.0 58.5 81.1 98.4 96.7 97.7 0.0 0.0 0.0 
Tiphotrocha 
comprimata 0.0 0.0 7.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trochammina 
inflata 0.0 0.0 15.9 3.0 9.5 0.0 29.2 5.4 0.0 0.5 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.7 PERCENT ABUNDANCES (LIVE) OF THE OVERWASH TRANSECT IN 2010 
Live foraminiferal abundances (%) across the overwash deposit in 2010. Fraction 
picked is standardized from 0 - 1, where 1 equals 100%. 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count NA 19 67 27 58 230 62 86 85 130 14 78 67 1 
Fraction picked N/A 0.50 0.03 0.03 0.02 0.02 0.13 0.13 0.50 0.50 0.63 0.13 0.75 1.00 
Total per 100% 
sample 
N/A 38 2144 864 3712 14720 496 688 170 260 22 624 89 1 
Standing crop 
(total in 100 g) 
N/A 253 6126 2469 10606 42057 1417 1966 486 743 64 1783 255 10 
Ammobaculites 
sp. 0.0 26.3 0.0 0.0 1.7 1.7 0.0 0.0 0.0 0.0 0.0 0.0 1.5 0.0 
Ammonia 
parkinsoniana 0.0 26.3 0.0 0.0 0.0 0.9 0.0 2.3 0.0 0.0 0.0 0.0 0.0 100.0 
Arenoparrella 
mexicana 0.0 5.3 29.9 14.8 8.6 12.2 51.6 3.5 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium cf. E. 
bartletti 0.0 10.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 0.0 21.1 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.0 
Elphidium cf. E. 
galvestonense 0.0 5.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 0.0 5.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haplophragmoides 
H. cf. manilaensis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.9 0.0 
Haplophragmoides 
wilberti 0.0 0.0 28.4 18.5 37.9 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Helenina 
anderseni  0.0 0.0 0.0 0.0 0.0 0.0 1.6 3.5 0.0 3.1 7.1 0.0 10.4 0.0 
Jadammina 
macrescens 0.0 0.0 0.0 0.0 1.7 9.1 1.6 7.0 17.6 34.6 14.3 6.4 73.2 0.0 
Miliammina fusca 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 
Miliammina petila 0.0 0.0 4.5 3.7 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa  0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. tenagos 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Siphotrochammina 
lobata 0.0 0.0 0.0 0.0 0.0 0.9 3.2 0.0 1.2 0.8 0.0 0.0 0.0 0.0 
Trichohyalus 
aguayoi  0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 65.9 57.7 78.6 93.6 0.0 0.0 
Tiphotrocha 
comprimata 0.0 0.0 6.0 18.5 10.3 5.7 29.0 9.3 2.4 0.0 0.0 0.0 1.5 0.0 
Trochammina 
inflata 0.0 0.0 31.3 44.4 37.9 66.5 11.3 72.1 12.9 3.1 0.0 0.0 1.5 0.0 
Trochammina 
irregularis 0.0 0.0 0.0 0.0 0.0 0.9 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 
 138 
3.1.8 PERCENT ABUNDANCES (DEAD) OF THE OVERWASH TRANSECT IN 2004 
Dead foraminiferal abundances (%) across the overwash deposit in 2004. Fraction 
picked is standardized from 0 - 1, where 1 equals 100% (1 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count 54 51 164 31 30 1 1 6 0 3 22 8 9 10 
Fraction picked 0.04 0.03 0.02 1.00 0.50 0.38 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Total per 
100% sample 1296 1836 7514 31 60 3 2 6 0 3 22 8 9 10 
Standing crop 
(total in 100 g) 5400 6557 10019 62 130 5 4 13 0 6 43 16 19 20 
Ammobaculites 
sp.  9.3 39.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 7.4 17.6 0.0 12.9 0.0 100.0 0.0 16.7 0.0 0.0 22.7 0.0 0.0 0.0 
Ammonia 
tepida 0.0 0.0 0.0 0.0 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Arenoparrella 
mexicana 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.0 
Asterigerina 
carinata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3 0.0 33.3 0.0 0.0 0.0 0.0 
Buccella sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 22.2 0.0 
Cibicides 
lobatulus 0.0 0.0 0.0 3.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cibicides cf. C. 
lobatulus 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.0 
Elphidium 
subarcticum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.0 
Elphidium 
excavatum 0.0 0.0 0.0 38.7 16.7 0.0 100.0 0.0 0.0 0.0 45.5 100.0 55.6 40.0 
Elphidium cf. 
E. 
galvestonense 
0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
gunteri 24.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 66.7 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.1 0.0 
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Dead foraminiferal abundances (%) across the overwash deposit in 2004. Fraction 
picked is standardized from 0 - 1, where 1 equals 100% (2 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Elphidium sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13.6 0.0 0.0 0.0 
Fragments 3.7 5.9 0.0 0.0 0.0 0.0 0.0 50.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hanzawaia 
strattoni 0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.5 0.0 0.0 30.0 
Haplophragmoides 
wilberti 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haynesina 
germanica 3.7 13.7 0.0 25.8 40.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Jadammina 
macrescens 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Miliammina fusca 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Nonionella 
atlantica 0.0 0.0 0.0 3.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa  0.0 0.0 0.0 16.1 40.0 0.0 0.0 0.0 0.0 0.0 13.6 0.0 11.1 0.0 
Quinqueloculina 
tenagos  51.9 19.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Reophax nana 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Tiphotrocha 
comprimata 0.0 0.0 15.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trochammina 
inflata 0.0 0.0 78.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.9 PERCENT ABUNDANCES (DEAD) OF THE OVERWASH TRANSECT IN 2005 
Dead foraminiferal abundances (%) across the overwash deposit in 2005. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (1 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count 99 87 26 15 1 2 2 4 1 2 4 0 2 3 
Fraction picked 0.17 0.07 0.21 0.50 0.38 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Total per 
100% sample 574 1193 125 30 3 4 2 4 1 2 4 0 2 3 
Standing crop 
(total in 100 g) 4412 7457 543 188 21 27 13 25 6 9 20 0 11 16 
Ammobaculites 
sp. 10.1 9.2 15.4 6.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 16.2 19.5 69.2 20.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Bolivia 
lowmani 0.0 0.0 0.0 0.0 0.0 0.0 50.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 0.0 0.0 0.0 13.3 100.0 50.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 66.7 
Elphidium cf. 
E. 
galvestonense 
0.0 10.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
gunteri 9.1 0.0 7.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 0.0 0.0 0.0 0.0 0.0 50.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fissurina sp. 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fragments 0.0 0.0 0.0 6.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Dead foraminiferal abundances (%) across the overwash deposit in 2005. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (2 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Hanzawaia 
strattoni 0.0 0.0 0.0 0.0 0.0 0.0 50.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3 
Haplophragmoides 
wilberti 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haynesina 
germanica 7.1 31.0 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Juvenile 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa  0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 100.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
tenagos  53.5 29.9 0.0 53.3 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 
Trochammina 
inflata 0.0 0.0 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Unknown 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 
 142 
3.1.10 PERCENT ABUNDANCES (DEAD) OF THE OVERWASH TRANSECT IN 2006 
Dead foraminiferal abundances (%) across the overwash deposit in 2006. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (1 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count 78 121 90 27 5 0 2 12 1 2 3 5 1 2 
Fraction picked 0.63 0.63 0.44 0.50 0.50 0.50 1.00 1.00 1.00 1.00 1.00 1.00 0.50 1.00 
Total per 
100% sample 124.8 193.6 205.7142857 54 10 0 2 12 1 2 3 5 2 2 
Standing crop 
(total in 100 g) 1193 1613 2743 450 83 0 15 75 13 22 29 56 20 22 
Ammobaculites 
sp. 15.4 20.7 12.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 69.2 52.9 16.7 14.8 0.0 0.0 0.0 0.0 0.0 0.0 33.3 20.0 100.0 0.0 
Cibicides sp. 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 0.0 0.0 0.0 33.3 20.0 0.0 0.0 41.7 0.0 0.0 33.3 20.0 0.0 0.0 
Elphidium 
galvestonense 1.3 0.0 5.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3 20.0 0.0 0.0 
Elphidium cf. 
E. 
galvestonense 
0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
gunteri 6.4 8.3 8.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Dead foraminiferal abundances (%) across the overwash deposit in 2006. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (2 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Elphidium 
poeyanum 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 50.0 
Elphidium sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 40.0 0.0 0.0 
Fissurina sp. 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Fragments 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 50.0 
Haplophragmoides 
wilberti 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haynesina 
germanica 1.3 15.7 32.2 0.0 0.0 0.0 0.0 0.0 0.0 50.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa  0.0 0.0 0.0 33.3 0.0 0.0 100.0 41.7 100.0 50.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
tenagos  0.0 0.0 0.0 18.5 60.0 0.0 0.0 16.7 0.0 0.0 0.0 0.0 0.0 0.0 
Tiphotrocha 
comprimata 0.0 0.0 5.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trochammina 
inflata 0.0 0.0 13.3 0.0 20.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trochammina 
ochracea 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.11 PERCENT ABUNDANCES (DEAD) OF THE OVERWASH TRANSECT IN 2007 
Dead foraminiferal abundances (%) across the overwash deposit in 2007. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (1 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count 130 159 166 31 4 13 3 8 0 0 4 2 0 4 
Fraction picked 1.00 1.00 0.25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Total per 
100% sample 130 159 664 31 4 13 3 8 0 0 4 2 0 4 
Standing crop 
(total in 100 g) 1300 795 4427 310 53 130 30 53 0 0 27 20 0 53 
Ammobaculites 
sp. 0.0 0.6 3.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 50.0 54.7 0.0 22.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
tepida 0.8 0.0 0.0 0.0 0.0 7.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Arenoparrella 
mexicana 0.0 0.0 46.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cibicides 
fletcheri 0.0 0.0 0.0 0.0 25.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cibicides 
lobatulus 0.0 0.0 0.0 3.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 25.0 
Cibicides sp. 0.0 0.0 0.0 3.2 0.0 7.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 3.1 0.0 0.6 9.7 25.0 38.5 0.0 50.0 0.0 0.0 25.0 100.0 0.0 50.0 
Elphidium 
galvestonense 0.0 8.2 0.0 0.0 0.0 23.1 0.0 0.0 0.0 0.0 25.0 0.0 0.0 0.0 
Elphidium cf. 
E. 
galvestonense 
22.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Dead foraminiferal abundances (%) across the overwash deposit in 2007. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (2 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Elphidium gunteri 13.1 8.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 
1.5 25.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hanzawaia 
strattoni 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 25.0 0.0 0.0 0.0 0.0 0.0 25.0 
Haplophragmoides 
wilberti 
0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haynesina 
germanica 
4.6 0.0 0.0 12.9 0.0 0.0 33.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Helenina 
anderseni  
0.0 0.0 7.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Jadammina 
macrescens 
0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Miliammina fusca 0.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa  
0.0 1.3 0.0 48.4 0.0 23.1 33.3 12.5 0.0 0.0 25.0 0.0 0.0 0.0 
Quinqueloculina 
tenagos  
3.8 1.3 0.0 0.0 25.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trichohyalus 
aguayoi  
0.0 0.0 0.0 0.0 0.0 0.0 0.0 12.5 0.0 0.0 25.0 0.0 0.0 0.0 
Tiphotrocha 
comprimata 
0.0 0.0 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trochammina 
inflata 
0.8 0.0 27.7 0.0 25.0 0.0 33.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trochammina 
ochracea 
0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
 
 146 
3.1.12 PERCENT ABUNDANCES (DEAD) OF THE OVERWASH TRANSECT IN 2008 
Dead foraminiferal abundances (%) across the overwash deposit in 2008. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (1 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count 81 54 117 33 4 5 0 1 1 3 4 1 0 0 
Fraction picked 1.00 0.50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.50 0.50 
Total per 
100% sample 81 108 117 33 4 5 0 1 1 3 4 1 0 0 
Standing crop 
(total in 100 g) 504 478 825 232 30 45 0 8 11 28 26 7 0 0 
Ammobaculites 
sp. 1.2 0.0 3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 27.2 22.2 10.3 12.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Arenoparrella 
mexicana 2.5 0.0 11.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Buccella 
inusitata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 
Cibicides 
lobatulus 0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cibicides sp. 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 0.0 3.7 0.9 33.3 25.0 60.0 0.0 100.0 100.0 0.0 50.0 0.0 0.0 0.0 
Elphidium 
galvestonense 0.0 31.5 0.0 6.1 0.0 40.0 0.0 0.0 0.0 0.0 25.0 0.0 0.0 0.0 
Elphidium cf. 
E. 
galvestonense 
16.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
gunteri 3.7 5.6 4.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Dead foraminiferal abundances (%) across the overwash deposit in 2008. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (2 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Elphidium 
mexicanum 
25.9 27.8 12.8 6.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3 0.0 0.0 0.0 0.0 
Elphidium 
transluscens 
0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hanzawaia 
strattoni 
0.0 0.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 33.3 0.0 0.0 0.0 0.0 
Haynesina 
germanica 
3.7 0.0 0.0 12.1 0.0 0.0 0.0 0.0 0.0 33.3 0.0 0.0 0.0 0.0 
Helenina 
anderseni  
0.0 0.0 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Jadammina 
macrescens 
0.0 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Miliammina 
fusca 
0.0 0.0 3.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
w/ ribs 
14.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
w/out ribs 
4.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa  
0.0 1.9 7.7 9.1 75.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
tenagos  
0.0 7.4 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trichohyalus 
aguayoi  
0.0 0.0 1.7 6.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Tiphotrocha 
comprimata 
0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trochammina 
inflata 
0.0 0.0 11.1 3.0 0.0 0.0 0.0 0.0 0.0 0.0 25.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.13 PERCENT ABUNDANCES (DEAD) OF THE OVERWASH TRANSECT IN 2009 
Dead foraminiferal abundances (%) across the overwash deposit in 2009. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (1 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count N/A 64 118 24 44 0 127 88 53 14 25 0 0 4 
Fraction picked N/A 0.50 0.25 1.00 1.00 0.25 0.56 0.50 0.13 0.25 0.25 0.13 1.00 0.25 
Total per 
100% sample N/A 128 472 24 44 0 226 176 424 56 100 0 0 16 
Standing crop 
(total in 100 g) N/A 512 1888 96 176 0 903 704 1696 224 400 0 0 64 
Ammobaculites 
sp. 0.0 3.1 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 0.0 21.9 0.0 41.7 11.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 25.0 
Ammonia 
tepida 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 
Arenoparrella 
mexicana 0.0 21.9 40.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cibicides sp. 0.0 0.0 0.0 0.0 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
excavatum 0.0 7.8 0.0 25.0 22.7 0.0 0.0 2.3 0.0 0.0 0.0 0.0 0.0 50.0 
Elphidium 
galvestonense 0.0 7.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
gunteri 0.0 0.0 0.8 4.2 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 0.0 12.5 0.0 0.0 6.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
poeyanum 0.0 3.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium sp. 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 25.0 
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Dead foraminiferal abundances (%) across the overwash deposit in 2009. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (2 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Elphidium 
subarcticum 
0.0 0.0 0.0 0.0 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
transluscens 
0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium 
williamsoni 
0.0 0.0 0.0 0.0 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Hanzawaia 
strattoni 
0.0 0.0 0.0 0.0 4.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haplophragmoides 
wilberti 
0.0 7.8 0.8 0.0 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Haplophragmoides 
manilaensis 
0.0 0.0 0.0 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Helenina 
anderseni  
0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Jadammina 
macrescens 
0.0 1.6 6.8 0.0 11.4 0.0 4.7 1.1 1.9 7.1 8.0 0.0 0.0 0.0 
Miliammina fusca 0.0 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa  
0.0 0.0 0.0 0.0 9.1 0.0 3.9 2.3 0.0 14.3 20.0 0.0 0.0 0.0 
Reophax nana 0.0 0.0 2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Trichohyalus 
aguayoi  
0.0 0.0 0.0 0.0 13.6 0.0 88.2 92.0 94.3 78.6 72.0 0.0 0.0 0.0 
Tiphotrocha 
comprimata 
0.0 1.6 17.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.14 PERCENT ABUNDANCES (DEAD) OF THE OVERWASH TRANSECT IN 2010 
Dead foraminiferal abundances (%) across the overwash deposit in 2010. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (1 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Total count N/A 58 237 276 224 135 136 108 60 44 19 83 97 2 
Fraction picked N/A 0.50 0.03 0.03 0.02 0.02 0.13 0.13 0.50 0.50 0.63 0.13 0.75 1.00 
Total per 100% 
sample N/A 116 7584 8832 14336 8640 1088 864 120 88 30 664 129 2 
Standing crop (total 
in 100 g) N/A 773 21669 25234 40960 24686 3109 2469 343 251 87 1897 370 20 
Ammobaculites sp. N/A 5.2 0.4 0.0 0.4 4.4 3.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ammonia 
parkinsoniana 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 3.3 4.5 0.0 0.0 0.0 50.0 
Arenoparrella 
mexicana 0.0 3.4 7.2 8.3 14.3 22.2 13.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Asterigerina carinata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.0 0.0 
Buccella inusitata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3 0.0 0.0 0.0 0.0 
Elphidium cf. E. 
bartletti 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium excavatum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.3 0.0 0.0 0.0 0.0 0.0 
Elphidium 
galvestonense 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 3.3 0.0 0.0 0.0 0.0 0.0 
Elphidium gunteri 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3 0.0 0.0 0.0 0.0 
Elphidium 
mexicanum 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Elphidium sp. 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.0 0.0 
Elphidium 
subarcticum 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3 0.0 0.0 0.0 0.0 
Hanzawaia strattoni 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.0 0.0 
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Dead foraminiferal abundances (%) across the overwash deposit in 2010. Fraction 
picked is standardized from 0 – 1, where 1 equals 100% (2 of 2). 
Station 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Haynesina 
germanica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 2.3 0.0 0.0 0.0 0.0 
Haynesina 
orbicular 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2 0.0 0.0 
Haplophragmoides 
wilberti 0.0 29.3 28.7 45.3 32.1 0.7 0.7 0.0 0.0 0.0 5.3 0.0 0.0 0.0 
Haplophragmoides 
manilensis 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Helenina 
anderseni  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 
Jadammina 
macrescens 0.0 13.8 3.4 1.4 18.8 22.2 15.4 14.8 26.7 20.5 10.5 3.6 13.2 0.0 
Miliammina fusca 0.0 0.0 0.0 0.0 3.1 12.6 19.1 4.6 0.0 0.0 0.0 0.0 0.0 0.0 
Miliammina petila 0.0 1.7 1.3 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Nonionella 
atlantica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 50.0 
Polysaccammina 
sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0 0.0 0.0 0.0 0.0 
Quinqueloculina 
Q. cf. impressa  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.3 9.1 5.3 4.8 82.5 0.0 
Siphotrochammina 
lobata 0.0 0.0 1.3 0.0 0.0 0.7 2.2 1.9 0.0 2.3 0.0 0.0 0.0 0.0 
Trichohyalus 
aguayoi  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 31.7 50.0 68.4 90.4 0.0 0.0 
Tiphotrocha 
comprimata 0.0 6.9 5.5 2.2 3.1 10.4 2.9 2.8 1.7 0.0 0.0 0.0 0.0 0.0 
Trochammina 
inflata 0.0 32.8 52.3 41.7 28.1 25.9 41.9 74.1 5.0 2.3 10.5 0.0 10.3 0.0 
Trochammina 
irregularis 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Valvulinaria sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3 0.0 0.0 0.0 0.0 
Total  100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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3.1.15 SURFACE TRANSECT GRAIN SIZE DISTRIBUTION (%) FOR ALL YEARS 
Grain size distribution using Wentworth scale (µm) for years 2004-2010 across 
stations 1-14 of the overwash deposit (1 of 3).  
2004 stations 2 to 31 31-62.5 62.5-125 125-250 250-500 500-1000 
1 0 0 0 23 69 7 
2 0 0 0 16 71 13 
3 9 5 8 36 36 3 
4 0 0 0 14 47 26 
5 0 0 0 19 70 10 
6 0 0 0 19 73 8 
7 0 0 0 20 72 8 
8 0 0 0 20 70 10 
9 0 0 0 16 69 14 
10 0 0 0 26 66 7 
11 0 0 0 14 59 24 
12 0 0 1 19 49 22 
13 0 0 1 15 58 26 
14 0 0 0 27 65 8 
       
2005 stations 2-31 31-62.5 62.5-125 125-250 250-500 500-1000 
1 0 0 0 17 68 14 
2 0 0 0 19 66 13 
3 4 1 1 36 52 4 
4 1 0 1 46 47 4 
5 1 0 1 33 57 8 
6 0 0 0 26 67 7 
7 0 0 0 24 69 6 
8 0 0 1 27 65 6 
9 0 0 0 16 74 10 
10 0 0 0 15 72 12 
11 0 0 0 22 69 8 
12 0 0 0 23 69 7 
13 0 0 0 15 73 12 
14 0 0 0 21 71 8 
       
2006 stations 2-31 31-62.5 62.5-125 125-250 250-500 500-1000 
1 0 0 0 18 68 12 
2 0 0 0 20 66 13 
3 4 2 2 23 62 6 
4 0 0 0 42 57 1 
5 0 0 1 26 64 9 
6 0 0 1 24 67 9 
7 1 0 2 25 63 8 
8 2 0 1 27 62 8 
9 0 0 0 23 69 7 
10 0 0 0 23 69 7 
11 0 0 1 22 69 9 
12 0 0 1 24 70 6 
13 0 0 1 22 67 11 
14 1 0 1 22 57 17 
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Grain size distribution using Wentworth scale (µm) for years 2004-2010 across 
stations 1-14 of the overwash deposit (2 of 2).  
2007 stations 2-31 31-62.5 62.5-125 125-250 250-500 500-1000 
1 1 0 1 15 65 15 
2 2 0 0 9 60 25 
3 8 5 6 48 30 2 
4 1 0 1 35 58 4 
5 1 0 1 18 64 15 
6 0 0 0 17 70 12 
7 0 0 0 19 71 9 
8 0 0 0 20 65 13 
9 0 0 0 23 66 9 
10 0 0 0 17 69 14 
11 0 0 0 19 69 11 
12 0 0 1 22 66 11 
13 0 0 0 13 61 22 
14 0 0 0 16 69 15 
       
2008 stations 2-31 31-62.5 62.5-125 125-250 250-500 500-1000 
1 1 0 1 14 66 17 
2 1 0 1 21 64 11 
3 3 1 1 30 58 6 
4 1 0 1 29 60 8 
5 1 0 1 22 66 10 
6 1 0 1 16 60 18 
7 1 0 1 24 66 8 
8 0 0 0 20 65 13 
9 2 1 1 18 64 13 
10 0 0 0 23 58 14 
11 0 0 0 22 70 8 
12 0 0 0 24 67 8 
13 0 0 0 26 64 9 
14 0 0 0 21 67 12 
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Grain size distribution using Wentworth scale (µm) for years 2004-2010 across 
stations 1-14 of the overwash deposit (3 of 3).  
2009 stations 2 to 31 31-62.5 62.5-125 125-250 250-500 500-1000 
1 na na na na na na 
2 1 1 1 41 51 5 
3 3 2 4 51 37 2 
4 0 0 0 42 54 4 
5 0 0 1 40 51 6 
6 1 0 1 20 60 16 
7 0 0 0 19 66 13 
8 1 0 1 14 63 20 
9 1 0 1 17 66 15 
10 0 0 0 21 70 9 
11 0 0 0 23 68 8 
12 0 0 1 26 62 10 
13 0 0 0 29 62 8 
14 0 0 0 14 56 23 
       
2010 stations 2 to 31 31-62.5 62.5-125 125-250 250-500 500-1000 
1 na na na na na na 
2 67 15 8 7 3 0 
3 44 19 12 10 6 9 
4 39 12 17 18 8 7 
5 30 15 1 27 24 3 
6 41 19 8 21 7 4 
7 37 16 7 25 13 2 
8 20 11 15 24 20 10 
9 17 2 0 31 47 3 
10 5 6 3 21 60 5 
11 9 0 0 14 68 8 
12 5 3 6 14 62 10 
13 6 6 5 12 59 12 
14 10 4 2 18 58 8 
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3.1.16 SURFACE TRANSECT LOSS ON IGNITION (%) FOR ALL YEARS 
LOI (%) for years 2004-2010 across stations 1-14 of the overwash deposit. 
Station LOI 2004 LOI 2005 LOI 2006 LOI 2007 LOI 2008 LOI 2009 LOI 2010 
1 0.12 0.46 0.55 0.67 0.38 N/A N/A 
2 1.46 0.46 0.70 0.91 0.64 1.11 42.30 
3 0.13 5.88 3.31 14.26 3.50 12.27 29.67 
4 0.37 0.98 1.36 1.02 0.77 1.50 54.78 
5 0.13 0.71 0.59 0.87 1.04 1.48 33.59 
6 0.28 0.70 0.81 1.13 1.71 1.62 45.96 
7 0.13 0.53 0.95 1.05 0.84 1.93 28.74 
8 0.10 0.78 1.52 0.95 1.64 3.01 53.59 
9 0.28 0.80 0.86 1.99 7.72 2.93 8.93 
10 0.10 0.79 0.88 1.83 2.24 7.10 2.74 
11 0.14 1.52 0.29 2.21 2.03 2.94 4.39 
12 0.18 1.49 0.39 1.08 0.95 0.81 2.22 
13 0.16 0.41 0.26 0.77 0.67 2.61 1.46 
14 0.08 0.47 0.32 0.65 0.71 0.77 4.48 
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3.1.17 OCRACOKE CORES GRAIN SIZE DISTRIBUTION YEARS 2004-2010 
Grain size distribution using Wentworth scale (µm) every two cm for years 2004-
2010 in cores at station 4 or 7 (page 1 of 3). 
2004 depth (St. 
4) 2 to 31 31-62.5 62.5-125 125-250 250-500 500-1000 
1 to 2 1 0 1 15 60 22 
3 to 4 0 0 1 42 54 2 
5 to 6 0 0 0 21 67 11 
7 to 8 0 0 0 33 64 3 
9 to 10 0 0 2 43 52 2 
11 to 12 0 0 0 52 48 0 
12 to 13 15 5 7 45 22 2 
13 to 14 1 1 7 63 27 1 
14 to 15 0 0 2 57 40 0 
15 to 16 6 5 7 51 28 2 
16 to 17 33 12 9 15 11 13 
17 to 18 24 14 12 19 12 11 
       
2005 depth (St. 
7) 2 to 31 31-62.5 62.5-125 125-250 250-500 500-1000 
0 to 2 0 0 1 29 61 7 
2 to 4 0 0 0 20 60 14 
4 to 6 0 0 0 18 64 17 
6 to 8 0 0 0 18 66 16 
8 to 10 0 0 0 26 60 10 
10 to 12 0 0 0 25 61 11 
12 to 14 0 0 0 15 59 21 
14 to 16 0 0 0 22 55 16 
16 to 18 0 0 0 27 54 12 
18 to 20 0 0 0 33 62 5 
20 to 22 0 0 1 38 60 2 
22 to 24 0 0 1 42 56 1 
24 to 26 0 0 2 55 43 1 
26 to 28 0 0 4 60 35 0 
28 to 29 0 0 2 62 35 0 
29 to 30 7 2 5 59 24 2 
30 to 31 56 14 8 9 3 0 
31 to 33 58 15 8 7 1 0 
33 to 35 25 9 6 21 27 5 
35 to 37 25 8 6 30 26 2 
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Grain size distribution using Wentworth scale (µm) every two cm for years 2004-
2010 in cores at station 4 or 7 (page 2 of 3). 
2006 depth (St. 
7) 2 to 31 31-62.5 62.5-125 125-250 250-500 500-1000 
0 to 2 0 0 0 16 71 13 
2 to 4 0 0 0 15 70 14 
4 to 6 0 0 0 13 68 19 
6 to 8 0 0 0 13 70 17 
8 to 10 0 0 0 20 68 11 
10 to 12 0 0 0 19 66 14 
12 to 14 0 0 0 17 60 17 
14 to 16 0 0 0 30 63 7 
16 to 18 0 0 0 34 63 2 
18 to 20 0 0 1 41 56 2 
20 to 22 0 0 1 45 54 1 
22 to 24 0 0 1 50 47 0 
24 to 26 1 0 2 54 42 0 
26 to 28 0 0 2 58 40 0 
28 to 29 1 1 4 61 34 1 
29 to 30 54 16 8 10 1 0 
30 to 31 8 4 3 27 45 11 
31 to 33 12 6 5 36 37 3 
33 to 34 3 2 2 26 50 14 
34 to 35 8 3 2 22 48 15 
35 to 36 3 1 1 22 54 16 
36 to 38 2 1 1 21 56 16 
38 to 29 4 1 1 23 54 14 
39 to 40 4 1 1 28 55 10 
40 to 41 9 3 2 18 52 16 
41 to 43 44 15 8 8 6 9 
43 to 44 39 12 7 18 8 7 
44 to 45 2 1 1 63 31 1 
45 to 46 41 13 6 17 9 4 
46 to 48 36 16 7 19 13 2 
48 to 50 42 11 7 10 8 10 
       
2007 depth (St. 
7) 2 to 31 31-62.5 62.5-125 125-250 250-500 500-1000 
2 to 4 0 0 0 20 67 11 
4 to 6 0 0 0 20 68 11 
6 to 8 0 0 0 14 68 17 
8 to 10 0 0 0 16 68 15 
10 to 12 0 0 0 18 70 12 
12 to 14 0 0 0 16 68 15 
14 to 16 0 0 0 16 61 21 
16 to 18 0 0 0 19 61 17 
18 to 20 0 0 0 24 65 10 
20 to 22 0 0 0 40 59 1 
22 to 24 0 0 0 46 53 0 
24 to 26 0 0 2 54 43 1 
26 to 28 11 5 3 32 40 6 
28 to 30 14 4 2 22 46 9 
30 to 32 20 5 3 19 31 13 
32 to 34 0 0 0 23 58 17 
34 to 36 1 0 1 15 55 23 
36 to 38 40 10 6 17 13 4 
38 to 40 33 11 10 33 4 1 
40 to 41 4 3 11 72 9 0 
41 to 43 35 10 5 16 22 4 
43 to 45 23 8 6 31 18 6 
45 to 47 45 9 5 10 13 9 
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Grain size distribution using Wentworth scale (µm) every 2 cm for years 2004-2010 
in cores at station 4 or 7. Cores were not collected in 2008 (page 3 of 3). 
2009 depth (St. 7) 2 to 31 31-62.5 62.5-125 125-250 250-500 500-1000 
0 to 2 0 0 0 19 66 14 
2 to 4 0 0 0 18 65 15 
4 to 6 0 0 0 18 67 15 
6 to 8 0 0 0 18 69 13 
8 to 10 0 0 0 17 71 12 
10 to 12 0 0 0 13 63 22 
12 to 14 0 0 0 15 59 21 
14 to 16 0 0 0 18 55 21 
16 to 18 0 0 0 27 63 7 
18 to 20 0 0 0 27 63 7 
20 to 22 0 0 0 34 62 3 
22 to 24 0 0 1 42 57 1 
24 to 26 0 0 2 52 45 0 
26 to 28 1 1 4 61 32 1 
28 to 30 1 1 7 63 26 1 
30 to 32 20 9 5 21 31 10 
32 to 34 14 5 3 19 43 13 
34 to 35 3 1 1 23 53 16 
35 to 37 1 1 1 22 55 19 
37 to 39 3 1 2 26 52 13 
39 to 40 1 0 1 18 52 24 
40 to 42 32 10 7 13 16 12 
42 to 44 40 10 4 10 18 7 
44 to 46 61 14 4 4 1 1 
46 to 48 25 6 3 13 32 12 
48 to 50 6 2 2 26 47 19 
       
2010 depth (St. 7) 2 to 31 31-62.5 62.5-125 125-250 250-500 500-1000 
0 to 2 40 12 7 13 16 12 
2 to 4 38 15 5 11 21 10 
4 to 6 58 23 10 4 2 3 
6 to 8 47 12 4 28 7 2 
8 to 10 27 33 2 13 21 4 
10 to 12 23 10 6 37 18 6 
12 to 14 40 5 38 2 4 11 
14 to 16 57 7 9 23 3 1 
16 to 18 27 41 1 13 12 6 
18 to 20 42 11 7 12 8 20 
20 to 22 56 32 4 4 3 1 
22 to 24 59 20 8 6 7 0 
24 to 26 25 12 7 17 32 8 
26 to 28 20 41 11 15 8 5 
28 to 30 22 12 14 29 12 11 
30 to 32 34 22 4 12 18 10 
32 to 34 47 7 18 11 17 0 
34 to 35 64 16 5 3 1 12 
35 to 37 20 8 4 36 30 4 
37 to 39 1 4 2 17 50 27 
39 to 40 12 3 16 3 45 21 
40 to 42 53 8 6 15 13 4 
42 to 44 42 11 6 17 16 8 
44 to 46 49 11 5 31 3 2 
46 to 48 63 3 3 20 8 3 
48 to 50 43 8 7 14 27 4 
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3.1.18 OCRACOKE CORES LOSS ON IGNITION (%) YEARS 2004-2010 
Loss on Ignition for years 2004-2010 in cores every two cm at station 4 or 7 (page 1 
of 2). 
2004 (St. 4) depth LOI (%)  2006 (St. 7) depth LOI (%) 
1 to 2 0.91  0 to 2 0.00 
3 to 4 0.66  2 to 4 0.00 
5 to 6 0.45  4 to 6 0.00 
7 to 8 0.19  6 to 8 0.26 
9 to 10 1.29  8 to 10 0.00 
11 to 12 0.26  10 to 12 0.32 
12 to 13 2.43  12 to 14 0.13 
13 to 14 1.39  14 to 16 0.34 
14 to 15 41.46  16 to 18 0.21 
15 to 16 31.48  18 to 20 0.61 
16 to 17 52.27  20 to 22 0.30 
17 to 18 36.57  22 to 24 0.00 
   24 to 26 0.14 
2005 (St. 7) depth LOI (%)  26 to 28 0.08 
0 to 2 2.22  28 to 29 0.66 
2 to 4 2.49  29 to 30 12.31 
4 to 6 2.20  30 to 31 7.30 
6 to 8 3.01  31 to 33 8.97 
8 to 10 2.69  33 to 34 7.46 
10 to 12 1.71  34 to 35 7.40 
12 to 14 1.82  35 to 36 2.65 
14 to 16 1.28  36 to 38 1.51 
16 to 18 1.85  38 to 39 1.79 
18 to 20 2.38  39 to 40 3.92 
20 to 22 1.86  40 to 41 8.92 
22 to 24 2.24  41 to 43 41.46 
24 to 26 2.25  43 to 44 31.48 
26 to 28 2.83  44 to 45 52.27 
28 to 29 4.79  45 to 46 36.57 
29 to 30 14.46  46 to 48 41.46 
30 to 31 32.83  48 to 50 16.77 
31 to 33 24.04    
33 to 35 28.06    
35 to 37 20.70    
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Loss on Ignition for years 2004-2010 in cores every two cm at station 4 or 7 (page 2 
of 2). 
2008 (St. 7) depth LOI (%)  2010 (St. 7) depth LOI (%) 
2 to 4 0.33  0 to 2 38.75 
4 to 6 0.28  2 to 4 23.45 
6 to 8 0.30  4 to 6 63.51 
8 to 10 0.27  6 to 8 42.93 
10 to 12 0.33  8 to 10 54.92 
12 to 14 0.29  10 to 12 38.56 
14 to 16 0.19  12 to 14 29.87 
16 to 18 0.11  14 to 16 51.56 
18 to 20 0.25  16 to 18 37.98 
20 to 22 0.33  18 to 20 16.44 
22 to 24 0.30  20 to 22 32.78 
24 to 26 0.32  22 to 24 26.42 
26 to 28 11.90  24 to 26 29.04 
28 to 30 15.74  26 to 28 40.25 
30 to 32 4.63  28 to 29 45.32 
32 to 34 2.17  29 to 30 41.75 
34 to 36 1.46  30 to 31 8.58 
36 to 38 18.10  31 to 33 14.23 
38 to 40 9.87  33 to 34 18.74 
40 to 41 1.96  34 to 35 12.53 
41 to 43 15.62  35 to 36 18.30 
43 to 45 13.46  36 to 38 12.85 
45 to 47 22.70  38 to 39 52.42 
   39 to 40 35.88 
2009 (St. 7) depth LOI (%)  40 to 41 32.47 
0 to 2 0.50  41 to 43 58.42 
2 to 4 0.83  43 to 44 69.61 
4 to 6 0.33  44 to 45 30.66 
6 to 8 0.37  45 to 46 15.62 
8 to 10 0.38  46 to 48 62.04 
10 to 12 0.37  48 to 50 33.39 
12 to 14 0.65    
14 to 16 1.25    
16 to 18 0.83    
18 to 20 0.41    
20 to 22 0.34    
22 to 24 0.29    
24 to 26 0.36    
26 to 28 0.31    
28 to 30 0.94    
30 to 32 10.56    
32 to 34 12.72    
34 to 35 5.94    
35 to 37 1.50    
37 to 39 2.58    
39 to 40 6.01    
40 to 42 15.41    
42 to 44 10.56    
44 to 46 7.74    
46 to 48 9.92    
48 to 50 10.30    
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3.2 SUPPLEMENTARY PLATE FOR CHAPTER FOUR 
 
PLATE 3.2.1 FORAMINIFERAL TAXA FROM OCRACOKE ISLAND 
 
Plate 3.2.1: All scale bars for foraminifera are equal to 100 µm. 1) Jadammina 
macrescens (Brady), oblique view. 2) Tiphotrocha comprimata (Cushman and 
Bronnimann), umbilical view. 3) Trochammina inflata (Montagu), umbilical view. 4) 
Haplophragmoides wilberti Anderson, apertural view. 5) Ammonia parkinsoniana 
(d’Orbigny), umbilical view. 6) Quinqueloculina tenagos Parker, apertural view. 7) 
Quinqueloculina cf. Q. impressa Reuss, apertural view. 8) Helenina anderseni 
Warren, umbilical view. 9) Trichohyalus aguayoi Bermudez, spiral view. 10) 
Trichohyalus aguayoi Bermudez, umbilical view. 11) Elphidium mexicanum Kornfeld, 
spiral view.  
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Plate 3.2.1 
 
 
 163 
REFERENCES 
Agnew, D.C., 1997, NLOADF: A program for computing ocean-tide loading: Journal 
of Geophysical Research-Solid Earth, v. 102, p. 5109-5110. 
Allen, J.R.L., 1995, Salt-marsh growth and fluctuating sea level: implications of a 
simulation model for Flandrian coastal stratigraphy and peat-based sea-level 
curves: Sedimentary Geology, v. 100, p. 21-45. 
Alley, R.B., 2005, Ice-sheet and sea-level changes: Science, v. 310, p. 456-460. 
Altena, C.O.v.R., 1940, A revision of Cerithidea (Cerithideopsilla) cingulata (Gmelin) 
and some related species (Mollusca, Gastropoda): Zoologische Mededelingen, 
v. 22, p. 211-222. 
Anderson, T.F., and Arthur, M.A., 1983, Stable isotopes of oxygen and carbon and 
their application to sedimentologic and paleoenvironmental problems, in 
Arthur, M.A., Anderson, T.F., Kaplan, I.R., Veizer, J., and Land, L.S., eds., 
Stable Isotopes in Sedimentary Geology: Tulsa, Society of Economic 
Paleontologists and Mineralogists, p. 1-151. 
Ando, M., and Tomiyama, K., 2005, Seasonal changes in size distribution of 
Cerithidea cingulata (Gastropoda: Potamididea) on a mangrove tidal flat: 
Venus, v. 63, p. 145-151. 
Arnold, Z.M., 1954, Culture methods in the study of living foraminifera: Journal of 
Paleontology, v. 28, p. 404-416. 
Atwater, B.F., 1987, Evidence for great Holocene earthquakes along the outer coast 
of Washington state: Science, v. 236, p. 942-944. 
Atwater, B.F., and Yamaguchi, D.K., 1991, Sudden, probable coseismic submergence 
of Holocene trees and grass in coastal Washington state: Geology, v. 19, p. 
706-709. 
Atwater, B.F., and Hemphill-Haley, E., 1997, Recurrence intervals for great 
earthquakes of the past 3500 years at northeastern Willapa Bay, Washington: 
U.S. Geological Survey Professional Paper 1576, p. 108. 
Atwater, B., Musumi-Rokkaku, S., Satake, K., Tsuji, Y., Ueda, K., and Yamaguchi, D., 
2005, The orphan tsunami of 1700: Japanese clues to a parent earthquake in 
North America, US Geological Survey Professional Paper 1707, 133 p. 
Bagnold, R.A., 1941, The physics of blown sand and desert dunes: London, Methuen, 
265 p. 
Ball, D.F., 1964, Loss-on-ignition as an estimate of organic matter and organic 
carbon in non-calcareous soils: European Journal of Soil Science, v. 15, p. 84-
92. 
Barrett, P.J., and Brooker, M.R., 1989, Grain size analysis: Laboratory Manual, 
Victoria University of Wellington, 21 p. 
Bedinger, P., 1992, The remarkable biology of pollen: The Plant Cell, v. 4, p. 879. 
Berkeley, A., Perry, C.T., Smithers, S.G., Horton, B.P., and Taylor, K.G., 2007, A 
review of the ecologicalal and taphonomic controls on foraminiferal 
assemblage development in intertidal environments: Earth-Science Reviews, 
v. 83, p. 205-230. 
Bloom, A.L., 1977, Atlas of Sea-Level Curves: New York, Cornell University, 123 p. 
 164 
Bosserman, K.C., and Dolan, R., 1968, The frequency and magnitude of extratropical 
storms along the Outer Banks of North Carolina: Technical Report 68-4, 
National Park Service, Washington, D.C., 53 p. 
Bourgeois, J., 2006, A movement in four parts?: Nature, v. 440, p. 430-431. 
Boutton, T.W., 1991, Stable carbon isotope ratios of natural materials: II. 
Atmospheric, terrestrial, marine and freshwater environments, in Coleman, 
D.C., and Fry, B., eds., Carbon Isotope Techniques: New York, Academic 
Press, Inc., p. 274-276. 
Briggs, R.W., Sieh, K., Meltzner, A.J., Natawidjaja, D., Galetzka, J., Suwargadi, B., 
Hsu, Y.J., Simons, M., Hananto, N., Suprihanto, I., Prayudi, D., Avouac, J.P., 
Prawirodirdjo, L., and Bock, Y., 2006, Deformation and slip along the Sunda 
Megathrust in the great 2005 Nias-Simeulue earthquake: Science, v. 311, p. 
1897-1901. 
Brown, L.D., Reilinger, R.E., Holdahl, S.R., and Balazs, E.I., 1977, Postseismic 
crustal uplift near Anchorage, Alaska: Journal of Geophysical Research, v. 82, 
p. 3369-3378. 
Brush, G.S., and DeFries, R.S., 1981, Spatial distributions of pollen in surface 
sediments of the Potomac estuary: Limnology and Oceanography, v. 26, p. 
295-309. 
Bryant, E.A., Young, R.W., and Price, D.M., 1992, Evidence of tsunami sedimentation 
on the southeastern coast of Australia: The Journal of Geology, v. 100, p. 
753-765. 
Burk, C.J., 1962, The North Carolina Outer Banks: A florisitic intepretation: The 
Journal of the Mitchell Society, v. 78, p. 21-28. 
Buynevich, I.V., FitzGerald, D.M., and van Heteren, S., 2004, Sedimentary records of 
intense storms in Holocene barrier sequences, Maine, USA: Marine Geology, 
v. 210, p. 135-148. 
Buynevich, I., and Donnelly, J., 2006, Geological signatures of barrier breaching and 
overwash, southern Massachusetts, USA: Journal Of Coastal Research Special 
Issue 39, p. 112-116. 
Buynevich, I.V., FitzGerald, D.M., and Goble, R.J., 2007, A 1500 yr record of North 
Atlantic storm activity based on optically dated relict beach scarps: Geology, 
v. 35, p. 543. 
Buzas, M., Smith, R., and Beem, K., 1977, Ecology and systematics of foraminifera 
in two Thalassia habitats, Jamaica, West Indies: Smithsonian Contributions to 
Paleobiology 31, Smithsonian University Press, 129 p.  
Buzas, M.A., 1990, Another look at confidence-limits for species proportions: Journal 
of Paleontology, v. 64, p. 842-843. 
Cahoon, D.R., Hensel, P., Rybczyk, J., McKee, K.L., Proffitt, C.E., and Perez, B.C., 
2003, Mass tree mortality leads to mangrove peat collapse at Bay Islands, 
Honduras after Hurricane Mitch: Journal of Ecology, v. 91, p. 1093-1105. 
Cherif, O.H., Al-Ghadban, A.N., and Al-Rifaiy, I.A., 1997, Distribution of foraminifera 
in the Arabian Gulf: Micropaleontology, v. 43, p. 253-280. 
Chlieh, M., Avouac, J., Hjorleifsdottir, V., Song, T.A., Ji, C., Sieh, K., Sladen, A., 
Hebert, H., Prawirodirdjo, L., Bock, Y., and Galetzka, J., 2007, Coseismic slip 
and afterslip of the great Mw 9.15 Sumatra-Andaman earthquake of 2004: 
Bulletin of the Seismological Society of America, v. 97,  doi 
10.1785/0120050631. 
 
 
 
 165 
Cisternas, M., Atwater, B.F., Torrejon, F., Sawai, Y., Machuca, G., Lagos, M., Eipert, 
A., Youlton, C., Salgado, I., Kamataki, T., Shishikura, M., Rajendran, C.P., 
Malik, J.K., Rizal, Y., and Husni, M., 2005, Predecessors of the giant 1960 
Chile earthquake: Nature, v. 437, p. 404-407. 
Clague, J.J., 1997, Evidence for large earthquakes at the Cascadia subduction zone: 
Reviews of Geophysics, v. 35, p. 439-460. 
Cochran, U., Hannah, M., Harper, M., Van Dissen, R., Berryman, K., and Begg, J., 
2007, Detection of large, Holocene earthquakes using diatom analysis of 
coastal sedimentary sequences, Wellington, New Zealand: Quaternary 
Science Reviews, v. 26, p. 1129-1147. 
Collins, E.S., Scott, D.B., and Gayes, P.T., 1999, Hurricane records on the South 
Carolina coast: can they be detected in the sediment record?: Quaternary 
International, v. 56, p. 15-26. 
Coulter, B., 1999, Beckman Coulter LS13320 series particle size analyzer, Beckman 
Coulter, Inc., USA. 
Culver, S., and Buzas, M., 1980, Distribution of recent benthic foraminifera off the 
North American Atlantic coast: Smithsonian Contributions to the Marine 
Sciences 6, Smithsonian Institution Press, 512 p. 
Culver, S.J., and Horton, B.P., 2005, Infaunal marsh foraminifera from the Outer 
Banks, North Carolina, USA: Journal of Foraminiferal Research, v. 35, p. 148-
170. 
Culver, S., Ames, D., Corbett, D., Mallinson, D., Riggs, S., Smith, C., and Vance, D., 
2006, Foraminiferal and sedimentary record of late Holocene barrier island 
evolution, Pea Island, North Carolina: the role of storm overwash, inlet 
processes, and anthropogenic modification: Journal of Coastal Research, v. 
22, p. 836-846. 
Culver, S.J., Grand Pre, C.A., Mallinson, D.J., Riggs, S.R., Corbett, D.R., Foley, J., 
Hale, M., Metger, L., Ricardo, J., Rosenberger, J., Smith, C.G., Snyder, S.W., 
Twamley, D., Farrell, K., and Horton, B., 2007, Late Holocene barrier island 
collapse: Outer Banks, North Carolina, USA: The Sedimentary Record, v. 5, p. 
4-8. 
Dawson, A.G., 1999, Linking tsunami deposits, submarine slides and offshore 
earthquakes: Quaternary International, v. 60, p. 119-126. 
Dawson, A.G., Shi, S., Dawson, S., Takahashi, T., and Shuto, N., 1996, Coastal 
sedimentation associated with the June 2nd and 3rd, 1994 tsunami in 
Rajegwesi, Java: Quaternary Science Reviews, v. 15, p. 901-912. 
Dawson, A.G., and Shi, S., 2000, Tsunami deposits: Pure and Applied Geophysics, v. 
157, p. 875-897. 
Dayton, P.K., 1971, Competition, disturbance, and community organization - 
Provision and subsequent utilization of space in a rocky intertidal community: 
Ecologicalal Monographs, v. 41, p. 351-389. 
Debenay, J.P., 2000, Foraminifers of paralic tropical environments: 
Micropaleontology, v. 46, p. 153-160. 
Dolan, R., Godfrey, P., and Odum, W., 1973, Man's impact on the barrier islands of 
North Carolina: American Scientist, v. 61, p. 152-162. 
Donnelly, J.P., Roll, S., Wengren, M., Butler, J., Lederer, R., and Webb, T., 2001a, 
Sedimentary evidence of intense hurricane strikes from New Jersey: Geology, 
v. 29, p. 615-618. 
 
 
 
 166 
Donnelly, J.P., Bryant, S.S., Butler, J., Dowling, J., Fan, L., Hausmann, N., Newby, 
P., Shuman, B., Stern, J., Westover, K., and Webb, T., 2001b, 700 yr 
sedimentary record of intense hurricane landfalls in southern New England: 
Geological Society of America Bulletin, v. 113, p. 714-727. 
Donnelly, J., Butler, J., Roll, S., Wengren, M., and Webb, T., 2004, A backbarrier 
overwash record of intense storms from Brigantine, New Jersey: Marine 
Geology, v. 210, p. 107-121. 
Donnelly, J.P., and Woodruff, J.D., 2007, Intense hurricane activity over the past 
5,000 years controlled by El Niño and the West African monsoon: Nature, v. 
447, p. 465-468. 
Donnelly, J.P., and Giosan, L., 2008, Tempestuous highs and lows in the Gulf of 
Mexico: Geology, v. 36, p. 751-752. 
Douglas, B.C., 2001, Sea level change in the era of the recording tide gauge, in 
Douglas, B.C., Kearney, M.S., and Leatherman, S.P., eds., International 
Geophysics: New York, Academic Press, p. 37-64. 
Dura, T., Rubin, C.M., Kelsey, H.M., Horton, B.P., Grand Pre, C.A., Hawkes, A., 
Daryono, M., Ladinsky, T., Vane, C.H., and Bradley, S., submitted, Selective 
stratigraphic record of Holocene coseismic subsidence near Padang, West 
Sumatra: Journal of Geophysical Research. 
Dutta, K., Bhushan, R., and Somayajulu, B.L.K., 2001, Delta R correction values for 
the northern Indian Ocean: Radiocarbon, v. 43, p. 483-488. 
Edwards, R.J., and Horton, B.P., 2000, Reconstructing relative sea-level change 
using UK salt-marsh foraminifera: Marine Geology, v. 169, p. 41-56. 
Edwards, R.J., Wright, A.J., and van de Plassche, O., 2004, Surface distributions of 
salt-marsh foraminifera from Connecticut, USA: modern analogues for high-
resolution sea level studies: Marine Micropaleontology, v. 51, p. 1-21. 
Egbert, G.D., and Erofeeva, S.Y., 2002, Efficient inverse modeling of barotropic 
ocean tides: Journal of Atmospheric and Oceanic Technology, v. 19, p. 183-
204. 
Elsner, J.B., Kossin, J.P., and Jagger, T.H., 2008, The increasing intensity of the 
strongest tropical cyclones: Nature, v. 455, p. 92-95. 
Emanuel, K., 2001, Contribution of tropical cyclones to meridional heat transport by 
the oceans: Journal of Geophysical Research, v. 106, p. 14,771-14,781. 
Emanuel, K., 2005, Increasing destructiveness of tropical cyclones over the past 30 
years: Nature, v. 436, p. 686-688. 
Engelhart, S.E., Horton, B.P., Roberts, D.H., Bryant, C.L., and Corbett, D.R., 2007, 
Mangrove pollen of Indonesia and its suitability as a sea-level indicator: 
Marine Geology, v. 242, p. 65-81. 
Erdtman, G., 1952, Pollen morphology and plant taxonomy: Waltham, Chronica 
Botanica, 539 p. 
Fitzgerald, D.M., Fenster, M.S., Argow, B.A., and Buynevich, I.V., 2008, Coastal 
impacts due to sea-level rise: Annual Review of Earth and Planetary Sciences, 
v. 36, p. 601-647. 
French, J.R., Spencer, T., Murray, A.L., and Arnold, N.S., 1995, Geostatistical 
analysis of sediment deposition in two small tidal wetlands, Norfolk, U.K: 
Journal of Coastal Research, v. 11, p. 308-321. 
Fry, B., and Sherr, E., 1984, Delta super 13C measurements as indicators of carbon 
flow in marine and freshwater ecosystems: Contributions in Marine Science, 
v. 27, p. 13-47. 
 
 
 167 
Fujioka, Y., Tabuchi, R., Hirata, Y., Yoneda, R., Patanaponpaiboon, P., Poungparn, 
S., Shibuno, T., and Ohba, H., 2008, Disturbance and recovery of mangrove 
forests and macrobenthic communities in Andaman Sea, Thailand following 
the Indian Ocean tsunami: Proceedings of the 11th International Coral Reef 
Symposium, Ft. Lauderdale, Florida, p. 825-829. 
Gehrels, W.R., 1994, Determining relative sea-level change from salt-marsh 
foraminifera and plant zones on the coast of Maine, U.S.A: Journal of Coastal 
Research, v. 10, p. 990-1009. 
Gehrels, W.R., 1999, Middle and late Holocene sea-level changes in eastern Maine 
reconstructed from foraminiferal saltmarsh stratigraphy and AMS 14C dates on 
basal peat: Quaternary Research, v. 52, p. 350-359. 
Gehrels, W.R., 2007, Sea-Level Studies: Microfosssils Reconstructions, Encyclopedia 
of Quaternary Science: Oxford, Elsevier, p. 3015-3024. 
Gehrels, W.R., Belknap, D.F., and Kelley, J.T., 1996, Integrated high-precision 
analyses of Holocene relative sea-level changes: Lessons from the coast of 
Maine: Geological Society of America Bulletin, v. 108, p. 1073-1088. 
Gehrels, W.R., Kirby, J.R., Prokoph, A., Newnham, R.M., Achterberg, E.P., Evans, H., 
Black, S., and Scott, D.B., 2005, Onset of recent rapid sea-level rise in the 
western Atlantic Ocean: Quaternary Science Reviews, v. 24, p. 2083-2100. 
Gehrels, W.R., and Long, A.J., 2007, Quaternary land-ocean interactions: sea-level 
change, sediments and tsunami: Marine Geology, v. 242, p. 1-4. 
Gelfenbaum, G., and Jaffe, B., 2003, Erosion and sedimentation from the 17 July, 
1998 Papua New Guinea tsunami: Pure and Applied Geophysics, v. 160, p. 
1969-1999. 
Grindrod, J., 1985, The palynology of mangroves on a prograded shore, Princess-
Charlotte Bay, North Queensland, Australia: Journal of Biogeography, v. 12, 
p. 323-348.  
Gmelin, J.F., 1791, Systema Naturae: Liepzig, Lipsiae, 500 p. 
Godfrey, P., 1970, Oceanic overwash and its ecologicalal implications on the Outer 
Banks of North Carolina: U.S. Department of the Interior, Washington, D.C., 
37 p. 
Godwin, H., 1940, Pollen analysis and forest history of England and Wales: New 
Phytologist, v. 39, p. 370-400. 
Goff, J., Dudley, W., deMaintenon, M.J., Cain, G., and Coney, J.P., 2006, The largest 
local tsunami in 20th century Hawaii: Marine Geology, v. 226, p. 65-79. 
Goldstein, S., and Frey, R., 1986, Salt marsh foraminifera, Sapelo Island, Georgia: 
Senckenbergiana Maritima, v. 18, p. 97-121. 
Grand Pre, C., Horton, B., Kelsey, H., Rubin, C., Hawkes, A., Daryono, M., 
Natawidjaja, D., Suwargadi, B., Yulianto, E., Bernhardt, C., Culver, S., 
Engelhart, S., and Meltzner, A., in preparation, Stratigraphic evidence for an 
early Holocene earthquake in Aceh, Indonesia. 
Greening, H., Doering, P., and Corbett, C., 2006, Hurricane impacts on coastal 
ecosystems: Estuaries and Coasts, v. 29, p. 877-879. 
Grimm, E.C., 2004, TGView computer program and interface.  
Guilbault, J-P., Clague, J.J., and Lapointe, M., 1996, Foraminiferal evidence for the 
amount of coseismic subsidence during a late Holocene earthquake on 
Vancouver Island, west coast of Canada: Quaternary Science Reviews, v. 15, 
p. 913-937. 
Haig, 1997, Foraminifera from Exmouth Gulf, western Australia: Journal of the Royal 
Society of Western Australia, v. 80, p. 263-280. 
 168 
Hamilton, S., and Shennan, I., 2005, Late Holocene relative sea-level changes and 
the earthquake deformation cycle around upper Cook Inlet, Alaska: 
Quaternary Science Reviews, v. 24, p. 1479-1498. 
Harada, M., Sri-Aroon, P., Lohachit, C., Fujimoto, C., Ul-Husan, A., Itaki, R., Surguri, 
S., Chusongsang, Y., and Chusongsang, P., 2007, Intertidal snail-trematode 
communities on southern Thailand before and after the south Asia tsunami: 
Southeast Asian Journal of Tropical Medicine and Public Health, v. 38, p. 658-
662. 
Hawkes, A., and Horton, B.P., in preparation, High resolution grain size and 
foraminiferal analysis of 2004 Indian Ocean tsunami sediment deposit at 
Banda Aceh, Sumatra. 
Hawkes, A.D., Bird, M., Cowie, S., Grundy-Warr, C., Horton, B.P., Hwai, A.T.S., Law, 
L., Macgregor, C., Nott, J., Ong, J.E., Rigg, J., Robinson, R., Tan-Mullins, M., 
Sa, T.T., Yasin, Z., and Aik, L.W., 2007, Sediments deposited by the 2004 
Indian Ocean Tsunami along the Malaysia-Thailand peninsula: Marine 
Geology, v. 242, p. 169-190. 
Hawkes, A.D., Horton, B.P., Nelson, A.R., and Hill, D.F., 2010, The application of 
intertidal foraminifera to reconstruct coastal subsidence during the giant 
Cascadia earthquake of AD 1700 in Oregon, USA: Quaternary International, v. 
221, p. 116-140. 
Hays, J.D., Imbrie, J., and Shackleton, N.J., 1976, Variations in the Earth’s orbit: 
pacemaker of the ice ages: Science, v. 194, p. 1121-1132. 
Hayward, B.W., Grenfell, H.R., Reid, C., and Hayward, K.A., 1999, Recent New 
Zealand shallow water benthic foraminifera – taxonomy, ecologicalal 
distribution, biogeography, and use in paleoenvironmental assessment: 
Institute of Geological and Nuclear Sciences Monograph 21, 258 p.  
Hayward, B.W., Cochran, U., Southall, K., Wiggins, E., Grenfell, H.R., Sabaa, A., 
Shane, P.R., and Gehrels, R., 2004, Micropalaeontological evidence for the 
Holocene earthquake history of the eastern Bay of Plenty, New Zealand, and a 
new index for determining the land elevation record: Quaternary Science 
Reviews, v. 23, p. 1651-1667. 
Hayward, B.W., Grenfell, H.R., Sabaa, A.T., and Kay, J., 2010, Using foraminifera 
faunas as proxies for low tide level in the estimation of Holocene tectonic 
subsidence, New Zealand: Marine Micropaleontology, v. 76, p. 23-36. 
Hemphill-Haley, E., 1995, Diatom evidence of earthquake-induced subsidence and 
tsunami 300 yr ago in southern coastal Washington: Geological Society of 
America Bulletin, v. 107, p. 367-378. 
Hinde, H.P., 1954, The vertical distribution of salt marsh phanerogams in relation to 
tide levels: Ecologicalal Monographs, v. 24, p. 209-225. 
Hippensteel, S.P., Martin, R.E., and Harris, M.S., 2005, Records of prehistoric 
hurricanes on the South Carolina coast based on micropaleontological and 
sedimentological evidence, with comparison to other Atlantic coast records: 
discussion: Geological Society of America Bulletin, v. 117, p. 250-253. 
Horton, B.P., Edwards, R.J., and Lloyd, J.M., 1999, UK intertidal foraminiferal 
distributions: implications for sea-level studies: Marine Micropaleontology, v. 
36, p. 205-223. 
Horton, B.P., Gibbard, P.L., Milne, G.M., Morley, R.J., Purintavaragul, C., and 
Stargardt, J.M., 2005a, Holocene sea levels and palaeoenvironments, Malay-
Thai Peninsula, southeast Asia: The Holocene, v. 15, p. 1199-1213. 
 
 
 169 
Horton, B.P., Whittaker, J.E., Thomson, K.H., Hardbattle, M.I.J., Kemp, A., 
Woodroffe, S.A., and Wright, M.R., 2005b, The development of a modern 
foraminiferal data set for sea-level reconstructions, Wakatobi Marine National 
Park, Southeast Sulawesi, Indonesia: Journal of Foraminiferal Research, v. 
35, p. 1-14. 
Horton, B., and Edwards, R., 2006, Quantifying Holocene sea-level change using 
intertidal foraminifera: lessons from the British Isles: Cushman Foundation for 
Foraminiferal Research, Special Publication no. 40, 97 p. 
Horton, B.P., Zong, Y.Q., Hillier, C., and Engelhart, S., 2007a, Diatoms from 
Indonesian mangroves and their suitability as sea-level indicators for tropical 
environments: Marine Micropaleontology, v. 63, p. 155-168. 
Horton, B.P., Culver, S.J., Hardbattle, M.I.J., Larcombe, P., Milne, G.A., Morigi, C., 
Whittaker, J.E., and Woodroffe, S.A., 2007b, Reconstructing Holocene sea-
level change for the central great barrier reef (Australia) using subtidal 
foraminifera: Journal of Foraminiferal Research, v. 37, p. 327-343. 
Horton, B.P., and Culver, S.J., 2008, Modern intertidal foraminifera of the Outer 
Banks, North Carolina, U.S.A., and their applicability for sea-level studies: 
Journal of Coastal Research, v. 245, p. 1110-1125. 
Horton, B., Rossi, V., and Hawkes, A., 2009a, The sedimentary record of the 2005 
hurricane season from the Mississippi and Alabama coastlines: Quaternary 
International, v. 195, p. 15-30. 
Horton, B.P., Peltier, W.R., Culver, S.J., Drummond, R., Engelhart, S.E., Kemp, A.C., 
Mallinson, D., Thieler, E.R., Riggs, S.R., Ames, D.V., and Thomson, K.H., 
2009b, Holocene sea-level changes along the North Carolina coastline and 
their implications for glacial isostatic adjustment models: Quaternary Science 
Reviews, v. 28, p. 1725-1736. 
Horton, B.P., Engelhart, S., Kemp, A., and Sawai, Y., in prep, Microfossils in tidal 
settings as indicators of sea-level change, paleoearthquakes, tsunamis and 
tropical cyclones. 
Houbrick, R.S., 1984, Revision of higher taxa in Genus Cerithidea (Mesogastropoda: 
Potamididae) based on comparative morphology and biological data: 
American Malacological Bulletin, v. 2, p. 1-20. 
Hoyt, J.H., 1967, Barrier Island Formation: Geological Society of America Bulletin, v. 
78, p. 1125-1136. 
Hughen, K.A., Baillie, M.G.L., Bard, E., Beck, J.W., Bertrand, C.J.H., Blackwell, P.G., 
Buck, C.E., Burr, G.S., Cutler, K.B., Damon, P.E., Edwards, R.L., Fairbanks, 
R.G., Friedrich, M., Guilderson, T.P., Kromer, B., McCormac, G., Manning, S., 
Ramsey, C.B., Reimer, P.J., Reimer, R.W., Remmele, S., Southon, J.R., 
Stuiver, M., Talamo, S., Taylor, F.W., van der Plicht, J., and Weyhenmeyer, 
C.E., 2004, Marine04 marine radiocarbon age calibration, 0-26 cal kyr BP: 
Radiocarbon, v. 46, p. 1059-1086. 
Hughes, J.F., Mathewes, R.W., and Clague, J.J., 2002, Use of pollen and vascular 
plants to estimate coseismic subsidence at a tidal marsh near Tofino, British 
Columbia: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 185, p. 
145-161. 
IGCP, Qin, Y., and Zhao, S., 1987, Final report of the China national working group, 
IGCP project 200: Late Quaternary sea level changes: measurements, 
correlation and future applications: Paris, CNRS-Intergeo, p. 54-56. 
 
 
 170 
Imbrie, J., and Kipp, N.G., 1971, A new micropaleontological method for quantitative 
paleoclimatology: application to a late Pleistocene Caribbean core, in 
Turekian, K.K., ed., The Late Cenozoic Glacial Ages: New Haven, Yale 
University Press, p. 71-181.   
Imbrie, J., Berger, A., Boyle, E.A., Clemens, S.C., Duffy, A., Howard, W.R., Kukla, 
G., Kutzbach, J., Martinson, D.G., McIntyre, A., Mix, A.C., Molfino, B., Morley, 
J.J., Peterson, L.C., Pisias, N.G., Prell, W.L., Raymo, M.E., Shackleton, N.J., 
and Toggweiler, J.R., 1993, On the structure and origin of major glaciation 
cycles, 2. The 100,000 year cycle: Paleoceanography, v. 8, p. 699-735. 
Ingram, B., 1998, Differences in radiocarbon age between shell and charcoal from a 
Holocene shellmound in northern California: Quaternary Research, v. 49, p. 
102-110. 
Ingram, B.L., and Southon, J.R., 1996, Reservoir ages in eastern Pacific coastal and 
estuarine waters: Radiocarbon, v. 38, p. 573-582. 
Inman, D.L., and Dolan, R., 1989, The Outer Banks of North Carolina: budget of 
sediment and inlet dynamics along a migrating barrier system: Journal of 
Coastal Research, v. 5, p. 193-237. 
IPCC, 2007, Climate change 2007: The physical science basis: Solomon, S., Qin, D., 
Manning, M., Marquis, M., Averyt, K., Tignor, M., Miller, H.L., and Chen, Z., 
Contributions of working group I to the fourth assessment report of the IPCC, 
Cambridge University Press, 847 p. 
Jaffe, B.E., Borrero, J.C., Prasetya, G.S., Peters, R., McAdoo, B., Gelfenbaum, G., 
Morton, R., Ruggiero, P., Higman, B., Dengler, L., Hidayat, R., Kingsley, E., 
Kongko, W., Lukijanto, Moore, A., Titov, V., and Yulianto, E., 2006, Northwest 
Sumatra and offshore islands field survey after the December 2004 Indian 
Ocean tsunami: Earthquake Spectra, v. 22, p. S105-S135. 
Jaffe, B., and Gelfenbuam, G., 2007, A simple model for calculating tsunami flow 
speed from tsunami deposits: Sedimentary Geology, v. 200, p. 347-361. 
Jankaew, K., Atwater, B.F., Sawai, Y., Choowong, M., Charoentitirat, T., Martin, M.E., 
and Prendergast, A., 2008, Medieval forewarning of the 2004 Indian Ocean 
tsunami in Thailand: Nature, v. 455, p. 1228-1231. 
Javaux, E.J., and Scott, D.B., 2003, Illustration of modern benthic foraminifera from 
Bermuda and remarks on distribution in other subtropical/tropical areas: 
Paleontologica Electronica, v. 6, p. 1-29. 
Jerolmack, D.J., Reitz, M.D., and Martin, R.L., 2011, Sorting out abrasion in a 
gypsum dune field: Journal of Geophysical Research, v. 116,  doi 
10.1029/2010jf001821. 
Jones, D.A., Plaza, J., Watt, I., and Al Sanei, M., 1998, Long-term (1991-1995) 
monitoring of the intertidal biota of Saudi Arabia after the 1991 Gulf War oil 
spill: Marine Pollution Bulletin, v. 36, p. 472-489. 
Kanagaratnam, U., Schwarz, A.M., Adhuri, D., and Dey, M.M., 2006, Mangrove 
rehabilitation in the west coast of Aceh - Issues and perspectives: NAGA, 
World Fish Center Quarterly v. 29, p. 10-18. 
Kelsey, H., Satake, K., Sawai, Y., Sherrod, B., Shimokawa, K., and Shishikura, M., 
2002, Late Holocene repeated rapid coastal uplift in eastern Hokkaido, Annual 
Report on Active Fault and Paleoearthquake Researches no. 2: Tsukuba, 
Geological Society of Japan, 233 p. 
Kemp, A.C., Horton, B.P., Culver, S.J., Corbett, D.R., van de Plassche, O., Gehrels, 
W.R., Douglas, B.C., and Parnell, A.C., 2009a, Timing and magnitude of 
recent accelerated sea-level rise (North Carolina, United States): Geology, v. 
37, p. 1035-1038. 
 171 
Kemp, A.C., Horton, B.P., and Culver, S.J., 2009b, Distribution of modern salt-marsh 
foraminifera in the Albemarle-Pamlico estuarine system of North Carolina, 
USA: implications for sea-level research: Marine Micropaleontology, v. 72, p. 
222-238. 
Kemp, A.C., Nelson, A.R., and Horton, B.P., in preparation, Radiocarbon dating of 
plant macrofossils from tidal-marsh sediment. 
Kennett, D.J., Ingram, B.L., Erlandson, J.M., and Walker, P., 1997, Evidence for 
temporal fluctuations in marine radiocarbon reservoir ages in the Santa 
Barbara Channel, southern California: Journal of Archaeological Science, v. 
24, p. 1051-1059. 
Kennett, D.J., Ingram, B.L., Southon, J.R., and Wise, K., 2002, Differences in C-14 
age between stratigraphically associated charcoal and marine shell from the 
Archaic Period site of kilometer 4, southern Peru: Old wood or old water?: 
Radiocarbon, v. 44, p. 53-58. 
Kirwan, M.L., and Murray, A.B., 2007, A coupled geomorphic and ecologicalal model 
of tidal marsh evolution: Proceedings of the National Academy of Sciences, v. 
104, p. 6118-6122. 
Kirwan, M., and Temmerman, S., 2009, Coastal marsh response to historical and 
future sea-level acceleration: Quaternary Science Reviews, v. 28, p. 1801-
1808. 
Knutson, T.R., McBride, J.L., Chan, J., Emanuel, K., Holland, G., Landsea, C., Held, 
I., Kossin, J.P., Srivastava, A., and Sugi, M., 2010, Tropical cyclones and 
climate change: Nature Geoscience, v. 3, p. 157-163. 
Landsea, C., Nicholls, N., Gray, W., and Avila, L., 1996, Downward trends in the 
frequency of intense at Atlantic Hurricanes during the past five decades: 
Geophysical Research Letters, v. 23, p. 1697-1700. 
Landsea, C.W., 2005, Meteorology: hurricanes and global warming: Nature, v. 438, 
p. E11-E12. 
Landsea, C.W., 2007, Counting Atlantic tropical cyclones back to 1900: EOS, v. 88, 
p. 197-208. 
Lay, T., Kanamori, H., Ammon, C.J., Nettles, M., Ward, S.N., Aster, R.C., Beck, S.L., 
Bilek, S.L., Brudzinski, M.R., Butler, R., DeShon, H.R., Ekstrom, G., Satake, 
K., and Sipkin, S., 2005, The great Sumatra-Andaman earthquake of 26 
December 2004: Science, v. 308, p. 1127-1133. 
Leatherman, S., 1983, Barrier dynamics and landward migration with Holocene sea-
level rise: Nature v. 301, p. 415-417. 
Leonard, L.J., Currie, C.A., Mazzotti, S., and Hyndman, R.D., 2010, Rupture area and 
displacement of past Cascadia great earthquakes from coastal coseismic 
subsidence: Geological Society of America Bulletin, v. 122, p. 2079-2096. 
Levinson, D.H., 2005, State of the climate in 2004: Bulletin of the American 
Meteorological Society, v. 86,  doi 10.1175/BAMS-86-6-Levinson. 
Li, Z., Zhang, Z., Li, J., Zhang, Y., Zhen, Li, Liu, L., Fan, H., Guangzhao, Li, 2008, 
Pollen distribution in surface sediments of a mangrove system, Yingluo Bay, 
Guanxi, China, Review of Paleobotany and Palynology, v. 152, p. 21-31. 
Little, E., 1993, Radiocarbon age calibration at archaeological sites of coastal 
Massachusetts and vicinity: Journal of Archaeological Science, v. 20, p. 457-
471. 
Liu, K., 2004, Paleotempestology: geographic solutions to hurricane risk assessment 
and risk prediction, in Jenelle, D., Warf, B., and Hansen, K., eds., 
WorldMinds: Geographical Perspectives on 100 Problems: Dordrecht, Kluwer 
Academic Publishers, p. 443-448. 
 172 
Liu, K.B., 2007, Uncovering prehistoric hurricane activity - Examination of the 
geological record reveals some surprising long-term trends: American 
Scientist, v. 95, p. 126-133. 
Liu, K.B., and Fearn, M.L., 1993, Lake-sediment record of late Holocene hurricane 
activities from coastal Alabama: Geology, v. 21, p. 793-796. 
Liu, K.B., and Fearn, M.L., 2000, Reconstruction of prehistoric landfall frequencies of 
catastrophic hurricanes in northwestern Florida from lake sediment records: 
Quaternary Research, v. 54, p. 238-245. 
Liu, P.L.F., Lynett, P., Fernando, H., Jaffe, B.E., Fritz, H., Higman, B., Morton, R., 
Goff, J., and Synolakis, C., 2005, Observations by the international tsunami 
survey team in Sri Lanka: Science, v. 308, p. 1595-1595. 
Loeblich, A.R., and Tappan, H., 1994, Foraminifera of the Sahul Shelf and Timor Sea: 
Cushman Foundation for Foraminiferal Research Special Publication no. 31, 
661 p. 
Lu, L., and Wu, R.S.S., 2007, A field experimental study on recolonization and 
succession of subtidal macrobenthic community in sediment contaminated 
with industrial wastes: Marine Pollution Bulletin, v. 54, p. 195-205. 
Maki, E., Ohtaki, H., and Tomiyama, K., 2002, Distribution and substrate preferences 
among four batillariid and potamidid species, with observations on seasonal 
changes in the distribution of Cerithideopsilla djadjariensis (K. Martin, 1889) 
(Gastropoda: Potamididae): Venus, v. 61, p. 61-76. 
Mallinson, D.J., Smith, C.W., Culver, S.J., Riggs, S.R., and Ames, D., 2010, 
Geological characteristics and spatial distribution of paleo-inlet channels 
beneath the outer banks barrier islands, North Carolina, USA: Estuarine, 
Coastal and Shelf Science, v. 88, p. 175-189. 
Mann, M., and Emanuel, K., 2006, Atlantic hurricane trends linked to climate change: 
EOS, v. 87, p. 233-244. 
Mann, M.E., Emanuel, K.A., Holland, G.J., and Webster, P.J., 2007, Atlantic tropical 
cyclones revisited: EOS, v. 88,  doi 10.1029/2007EO360002. 
McCaffrey, R., 1997a, Statistical significance of the seismic coupling coefficient: 
Bulletin of the Seismological Society of America, v. 87, p. 1069-1073. 
McCaffrey, R., 1997b, Influences of recurrence times and fault zone temperatures on 
the age-rate dependence of subduction zone seismicity: Journal of 
Geophysical Research-Solid Earth, v. 102, p. 22839-22854. 
McKee, K.L., and Cherry, J.A., 2009, Hurricane Katrina sediment slowed elevation 
loss in subsiding brackish marshes of the Mississippi river delta: Wetlands, v. 
29, p. 2-15. 
Medrilzam, P., Nizhar, M., Erik, A., Joko, S., Afwandi, D., Indra, Y., Vivi, S., Herry, 
R., Nono, R., Anwar, S., and I., H., 2005, Rancangun Rencan Induk 
Rehabilitasi dan Rekontruksi Masyarakat Aceh dan Nias, Sumatera Utara Buku 
II: Rencana bidang sumberday alam dan Lingkungan Hidup, BRR document, 
25 p. 
Meltzner, A.J., Sieh, K., Abrams, M., Agnew, D.C., Hudnut, K.W., Avouac, J.P., and 
Natawidjaja, D.H., 2006, Uplift and subsidence associated with the great 
Aceh-Andaman earthquake of 2004: Journal of Geophysical Research-Solid 
Earth, v. 111, p. 1-8. 
Mitrovica, J., and Peltier, W., 1991, On postglacial geoid subsidence over the 
equatorial oceans: Journal of Geophysical Research, v. 96, p. 20053-20071. 
Monecke, K., Finger, W., Klarer, D., Kongko, W., McAdoo, B.G., Moore, A.L., and 
Sudrajat, S.U., 2008, A 1,000-year sediment record of tsunami recurrence in 
northern Sumatra: Nature, v. 455, p. 1232-1234. 
 173 
Montgomery, M.T., Bell, M.M., Aberson, S.D., and Black, M.L., 2006, Hurricane 
Isabel (2003): New insights into the physics of intense storms. Part I: Mean 
vortex structure and maximum intensity estimates: Bulletin of the American 
Meteorological Society, v. 87, p. 1335. 
Morris, J.T., Sundareshwar, P.V., Nietch, C.T., Kjerfve, B., and Cahoon, D.R., 2002, 
Responses of coastal wetlands to rising sea level: Ecology, v. 83, p. 2869-
2877. 
Morton, R.A., Gelfenbaum, G., and Jaffe, B.E., 2007, Physical criteria for 
distinguishing sandy tsunami and storm deposits using modern examples: 
Sedimentary Geology, v. 200, p. 184-207. 
Munsterman, D., and Kerstholt, S., 1996, Sodium polytungstate, a new non-toxic 
alternative to bromoform in heavy liquid separation: Review of Palaeobotany 
and Palynology, v. 91, p. 417-422. 
Murray, J., 2006, Ecology and Applications of Benthic Foraminifera: Cambridge, 
Cambridge University Press, 426 p. 
Nelson, A.R., Atwater, B.F., Bobrowsky, P.T., Bradley, L.A., Clague, J.J., Carver, 
G.A., Darienzo, M.E., Grant, W.C., Krueger, H.W., Sparks, R., Stafford, T.W., 
and Stuiver, M., 1995, Radiocarbon evidence for extensive plate-boundary 
rupture about 300 years ago at the Cascadia subduction zone: Nature, v. 
378, p. 371-374. 
Nelson, A.R., Shennan, I., and Long, A.J., 1996, Identifying coseismic subsidence in 
tidal-wetland stratigraphic sequences at the Cascadia subduction zone of 
western North America: Journal of Geophysical Research-Solid Earth, v. 101, 
p. 6115-6135. 
Nelson, A.R., Kelsey, H.M., and Witter, R.C., 2006, Great earthquakes of variable 
magnitude at the Cascadia subduction zone: Quaternary Research, v. 65, p. 
354-365. 
Nelson, A.R., Sawai, Y., Jennings, A.E., Bradley, L.A., Gerson, L., Sherrod, B.L., 
Sabean, J., and Horton, B.P., 2008, Great-earthquake paleogeodesy and 
tsunamis of the past 2000 years at Alsea Bay, central Oregon coast, USA: 
Quaternary Science Reviews, v. 27, p. 747-768. 
Newcomb, K.R., and McCann, W.R., 1987, Seismic History and Seismotectonics of 
the Sunda Arc: Journal of Geophysical Research-Solid Earth and Planets, v. 
92, p. 421-439. 
NOAA, Gill, S.K., and Schultz, J.R., 2001, Tidal datums and their applications: Silver 
Spring, U.S. Department of Commerce, 132 p. 
NOAA, 2004, National weather service assessment: Hurricane Isabel September 18-
19, 2003: Silver Spring, MD. 
NOAA, 2010, Vertical datum transformation: Vdatum software v. 2.3.3. 
Nyman, J.A., Crozier, C.R., and DeLaune, R.D., 1995, Roles and patterns of 
hurricane sedimentation in an estuarine marsh landscape: Estuarine, Coastal 
and Shelf Science, v. 40, p. 665-679. 
Peltier, W.R., 2001, Global sea level rise and glacial isostatic adjustment: an analysis 
of data from the east coast of North America: Geophysical Research Letters, 
v. 23, p. 717-720. 
Phleger, F.B, 1942, Foraminifera of submarine cores from the continental slope, part 
2: Bulletin of the Geological Society of America, v. 53, p. 1073-1098. 
Phleger, F.B, and Parker, F., 1951, Ecology of foraminifera, northwest Gulf of Mexico: 
Geological Soceity of America Memoir 46, 152 p. 
Pilkey, O., and Myers, C., 1981, Barrier islands-our most dynamic real estate: Earth 
Science, v. 34, p. 20-23. 
 174 
Pilkey, O., Neal, W.J., Riggs, S.R., Webb, C.A., Bush, D.M., Pilkey, D.F., Bullock, J., 
and Cowan, B.A., 1998, The North Carolina Shore and its Barrier Islands: 
Restless Ribbons of Sand: Durham, Duke University Press, 318 p. 
Pielke, R.A., 2005, Are there trends in hurricane destruction?: Nature v. 438,  doi 
10.1038/nature04426. 
Pirazzoli, P.A., Laborel, J., and Stiros, S.C., 1996, Earthquake clustering in the 
Eastern Mediterranean during historical times: Journal of Geophysical 
Research, v. 101, p. 6083-6097. 
Plaziat, J.C., and Younis, W.R., 2005, The modern environments of mollusks in 
southern Mesopotamia, Iraq, A guide to plaoegeographical reconstructions of 
Quaternary fluvial, palustrine and marine deposits: Carnets Geology, v. 
CG2005_A01. 
Prentice, I., 1986, Multivariate methods for data analysis, in Bergland, B.E., ed., 
Handbook of Holocene palaeoecology and palaeohydrology: Chichester, 
Whiley and sons, p. 775-797. 
Preuss, H., 1979, Progress in computer evaluation of sea level data within the IGCP 
Project no. 61: Proceedings of the "1978 International Symposium of Coastal 
Evolution in the Quaternary," Sao Paulo, Brazil, p. 104-134. 
Rao, C.D., and Sukumar, R.V., 1981, The response of a tropical estuarine gastropod, 
Cerithida cingulata (Gmelin), to different types of substrata: Hydrobiologia, v. 
78, p. 191-193. 
Rao, M.B., and Sukumar, R.V., 1982, Distribution, zonation, and habits of a tropical 
mud snail Cerithidea cingulata (Gmelin) (Mollusca: Gastropoda): Malacologia, 
v. 22, p. 553-558. 
Reed, D.J., 1989, Patterns of sediment deposition in subsiding coastal salt marshes, 
Terrebonne Bay, Louisiana - the role of winter storms: Estuaries, v. 12, p. 
222-227. 
Reid, D.G., Dyal, P., Lozouet, P., Glaubrecht, M., and Williams, S.T., 2008, 
Mudwhelks and mangroves: the evolutionary history of an ecologicalal 
association (Gastropoda: Potamididae): Molecular Phylogenetics and 
Evolution, v. 47, p. 680-699. 
Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Bertrand, C.J.H., 
Blackwell, P.G., Buck, C.E., Burr, G.S., Cutler, K.B., Damon, P.E., Edwards, 
R.L., Fairbanks, R.G., Friedrich, M., Guilderson, T.P., Hogg, A.G., Hughen, 
K.A., Kromer, B., McCormac, G., Manning, S., Ramsey, C.B., Reimer, R.W., 
Remmele, S., Southon, J.R., Stuiver, M., Talamo, S., Taylor, F.W., Pliche, 
J.v.d., and Weyhenmeyer, C.E., 2004, INTCAL04 Terrestrial radiocarbon age 
calibration, 0-26 cal kyr BP: Radiocarbon, v. 46, p. 1029-1058. 
Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., 
Ramsey, C.B., Buck, C.E., Burr, G.S., Edwards, R.L., Friedrich, M., Grootes, 
P.M., Guilderson, T.P., Hajdas, I., Heaton, T.J., Hogg, A.G., Hughen, K.A., 
Kaiser, K.F., Kromer, B., McCormac, F.G., Manning, S.W., Reimer, R.W., 
Richards, D.A., Southon, J.R., Talamo, S., Turney, C.S.M., van der Plicht, J., 
and Weyhenmeye, C.E., 2009, Intcal09 and Marine09 radiocarbon age 
calibration curves, 0-50,000 years cal BP: Radiocarbon, v. 51, p. 1111-1150. 
Riggs, S., 2001, Shoreline Erosion in North Carolina's Estuaries: NC State University 
Publication UNC-SG-03-04, Raleigh, North Carolina Sea Grant, 69 p. 
Riggs, S., 2002, Life at the edge of North Carolina’s coastal system: the geologic 
controls, in Beal, C., and Pirioli, C., eds., Life at the Edge of the Sea: Essays 
on North Carolina's Coast and Coastal Culture: Wilmington, Coastal Carolina 
Press, p. 63-95. 
 175 
Riggs, S.R., and Ames, D.V., 2007, Effect of storms on barrier island dynamics, Core 
Banks, Cape Lookout National Seashore, North Carolina, 1960-2001: U.S. 
Geological Survey Scientific Investigations Report 2006-5309, 73 p. 
Sabean, J., 2004, Applications of foraminifera to detecting land level change 
associated with great earthquakes along the west coast of North America, 
Simon Fraser University, Master’s thesis, 85 p. 
Satake, K., and Atwater, B.F., 2007, Long-term perspectives on giant earthquakes 
and tsunamis at subduction zones: Annual Review of Earth and Planetary 
Sciences, v. 35, p. 349-374. 
Savage, J.C., and Plafker, G., 1991, Tide gauge measurements of uplift along the 
south coast of Alaska: Journal of Geophysical Research, v. 96, p. 4325-4335. 
Sawai, Y., Horton, B.P., and Nagumo, T., 2004a, The development of a diatom-based 
transfer function along the Pacific coast of eastern Hokkaido, northern Japan - 
an aid in paleoseismic studies of the Kuril subduction zone: Quaternary 
Science Reviews, v. 23, p. 2467-2483. 
Sawai, Y., Satake, K., Kamataki, T., Nasu, H., Shishikura, M., Atwater, B.F., Horton, 
B.P., Kelsey, H.M., Nagumo, T., and Yamaguchi, M., 2004b, Transient uplift 
after a 17th-century earthquake along the Kuril subduction zone: Science, v. 
306, p. 1918-1920. 
Scott, D.B., and Medioli, F.S., 1978, Vertical zonations of marsh foraminifera as 
accurate indicators of former sea levels: Nature, v. 272, p. 528-531. 
Scott, D.B., and Medioli, F.S., 1980, Quantitative studies of marsh foraminiferal 
distributions in Nova Scotia: implications for sea level studies: Cushman 
Foundation for Foraminiferal Research Special Publication 17,  57 p. 
Sedgwick, P.E., and Davis, R.A., 2003, Stratigraphy of washover deposits in Florida: 
implications for recognition in the stratigraphic record: Marine Geology, v. 
200, p. 31-48. 
Sen Gupta, B.K., 1999a, Systematics of modern foraminifera, in Sen Gupta, B.K., 
ed., Modern Foraminifera: Dordrecht, Kluwer Academic Publishers, p. 7-36. 
Sen Gupta, B.K., 1999b, Foraminiferal in marginal marine environments, in Sen 
Gupta, B.K., ed., Modern Foraminifera: Dordrecht, Kluwer Academic 
Publishers, p. 141-159. 
Shannon, C.E., 1948, A mathematical theory of communication: The Bell System 
Technical Journal v. 27, p. 379-423. 
Shennan, I., 1982, Interpretation of Flandrian sea-level data from the Fenland, 
England: Proceedings of the Geologists' Association, v. 93, p. 53-63. 
Shennan, I., 1986, Flandrian sea-level changes in the Fenland. II: Tendencies of sea-
level movement, altitudinal changes, and local and regional factors: Journal of 
Quaternary Science, v. 1, p. 155-179. 
Shennan, I., Scott, D.B., Rutherford, M., and Zong, Y.Q., 1999, Microfossil analysis 
of sediments representing the 1964 earthquake, exposed at Girdwood Flats, 
Alaska, USA: Quaternary International, v. 60, p. 55-73. 
Shennan, I., and Horton, B., 2002, Holocene land- and sea-level changes in Great 
Britain: Journal of Quaternary Science, v. 17, p. 511-526. 
Shennan, I., and Hamilton, S., 2006, Coseismic and pre-seismic subsidence 
associated with great earthquakes in Alaska: Quaternary Science Reviews, v. 
25, p. 1-8. 
Sieh, K., Ward, S.N., Natawidjaja, D., and Suwargadi, B.W., 1999, Crustal 
deformation at the Sumatran subduction zone revealed by coral rings: 
Geophysical Research Letters, v. 26, p. 3141-3144. 
 176 
Silander, J.A., and Antonovics, J., 1979, The genetic basis of the ecologicalal 
amplitude of Spartina patens. I. Morphometric and physiological traits: 
Evolution, v. 33, p. 1114-1127. 
Simpson, R.H., 1974, The hurricane disaster potential scale: Weatherwise, v. 27, p. 
169-186. 
Smith, C.G., Culver, S.J., Mallinson, D.J., Riggs, S.R., and Corbett, D.R., 2009, 
Recognizing former flood-tide deltas in the Holocene stratigraphic record from 
the Outer Banks, North Carolina, USA: Stratigraphy, v. 6, p. 61-78. 
Smith, J.J., Dolan, R., and Lins, H., 2006, Hurricane history of the North Carolina 
Outer Banks (USA), 1586 to 2004: Shore and Beach v. 74, p. 19-23. 
Southon, J., Kashgarian, M., Fontugne, M., Metivier, B., and Yim, W.W.S., 2002, 
Marine reservoir corrections for the Indian Ocean and southeast Asia: 
Radiocarbon, v. 44, p. 167-180. 
Southon, J., Santos, G., Druffel-Rodriguez, K., Druffel, E., Trumbore, S., Xu, X.M., 
Griffin, S., Ali, S., and Mazon, M., 2004, The Keck Carbon Cycle AMS 
laboratory, University of California, Irvine: initial operation and a background 
surprise: Radiocarbon, v. 46, p. 41-49. 
Southworth, D., 1974, Solubility of pollen exines: American Journal of Botany, v. 61, 
p. 36-44. 
Spiker, E.C., 1980, The behavior of C-14 and C-13 in estuarine water - effects of in 
situ CO2 production and atmospheric exchange: Radiocarbon, v. 22, p. 647-
654. 
Sri-Aroon, P., Lohachit, C., Harada, S., Chusongsang, P., and Chusongsang, Y., 
2006, Malacological survey in Phang-Nga province, southern Thailand, pre-
and post-Indian Ocean tsunami: Southeast Asian Journal of Tropical Medicine 
and Public Health, v. 37, p. 104-109. 
Sri-Aroon, P., Chusongsang, P., Chusongsang, Y., Surinthwong, P., Butraporn, P., 
and Lohachit, C., 2010, Snails and trematode infection after Indian Ocean 
tsunami in Phang-Nga province, southern Thailand: Southeast Asian Journal 
of Tropical Medicine and Public Health, v. 41, p. 48-60. 
Sriver, R.L., and Huber, M., 2007, Observational evidence for an ocean heat pump 
induced by tropical cyclones: Nature, v. 447, p. 577-580. 
Stuiver, M., and Polach, H.A., 1977, Reporting of C-14 data - discussion: 
Radiocarbon, v. 19, p. 355-363. 
Stuiver, M., Pearson, G.W., and Braziunas, T., 1986, Radiocarbon age calibration of 
marine samples back to 9000 cal yr BP: Radiocarbon, v. 28, p. 980-1021. 
Stuiver, M., and Braziunas, T.F., 1993, Modeling atmospheric C-14 influences and C-
14 ages of marine samples to 10,000 BC: Radiocarbon, v. 35, p. 137-189. 
Stuiver, M., and Reimer, P.J., 1993, Extended 14C data base and revised Calib 3.0 14C 
age calibration program: Radiocarbon, v. 35, p. 215-230. 
Stuiver, M., Reimer, P.J., and Braziunas, T.F., 1998, High-precision radiocarbon age 
calibration for terrestrial and marine samples: Radiocarbon, v. 40, p. 1127-
1151. 
Subarya, C., Chlieh, M., Prawirodirdjo, L., Avouac, J.P., Bock, Y., Sieh, K., Meltzner, 
A.J., Natawidjaja, D.H., and McCaffrey, R., 2006, Plate-boundary deformation 
associated with the great Sumatra-Andaman earthquake: Nature, v. 440, p. 
46-51. 
Sun, X., Li, X., and Beug, H.J., 1999, Pollen distribution in hemipelagic surface 
sediments of the South China Sea and its relation to modern vegetation 
distribution: Marine Geology, v. 156, p. 211-226. 
 177 
Swift, D.J.P., 1975, Barrier-island genesis: evidence from the central Atlantic shelf, 
eastern U.S.A: Sedimentary Geology, v. 14, p. 1-43. 
Thanikaimoni, G., 1987, Mangrove palynology: Institut Francais de Pondichery, v. 
24, 1-100 p.  
Thiele, J., 1929, Handbuch der systematischen Weichtierkunde: Gena: Fischer, v. 1, 
p. 1-376. 
Tide Tables, 2004: United Kingdom and Ireland: Somerset, Admiralty Charts and 
Publications, 354 p. 
Tooley, M.J., 1978, Sea-level Changes: Northwest England During the Flandrian 
Stage: Oxford, Clarendon Press, 232 p. 
Tooley, M.J., 1982, Sea-level changes in northern England: Proceedings of the 
Geologists' Association, v. 93, p. 43-51. 
Traverse, A., 1988, Paleopalynology: Boston, Unwin-Hyman, 813 p. 
Trenberth, K., 2005, Uncertainty in hurricanes and global warming: Science, v. 308, 
p. 1753-1754. 
Troels-Smith, J., 1955, Characterization of unconsolidated sediments: Danmarks 
Geologiske Undersogelse, v. 4, p. 38-73. 
Tsuji, Y., Namegaya, Y., Matsumoto, H., Iwasaki, S.I., Kanbua, W., Sriwichai, M., 
and Meesuk, V., 2006, The 2004 Indian tsunami in Thailand: surveyed run-up 
heights and tide gauge records: Earth, Planets and Space, v. 58, p. 223-232. 
Tuttle, M.P., Ruffmanm, A., Andersen, T., and Jeter, H., 2004, Distingushing tsunami 
from storm deposits in eastern North America: the 1929 Grand Banks 
tsunami vs. the 1991 Halloween storm: Seismological Research Letters, v. 75, 
p. 117-130. 
van de Plassche, O., 1986, Sea-level Research: A Manual for the Collection and 
Evaluation of Data: Norwich, Geobooks, 618 p. 
van de Plassche, O., 1991, Late Holocene sea-level fluctuations on the shore of 
Connecticut inferred from transgressive and regressive overlap boundaries in 
salt-marsh deposits: Journal of Coastal Research, v. 11, p. 159-179. 
van de Plassche, O., Wright, A.J., van der Borg, K., and de Jong, A.F.M., 2004, On 
the erosive trail of a 14th and 15th century hurricane in Connecticut (USA) 
salt marshes: Radiocarbon, v. 46, p. 775-784. 
van de Plassche, O., Erkens, G., van Vliet, F., Brandsma, J., van der Borg, K., and de 
Jong, A.F.M., 2006, Salt-marsh erosion associated with hurricane landfall in 
southern New England in the fifteenth and seventeenth centuries: Geology, v. 
34, p. 1092-1092. 
van Wijnen, H.J., and Bakker, J.P., 2001, Long-term surface elevation change in salt 
marshes: a prediction of marsh response to future sea-level rise: Estuarine, 
Coastal and Shelf Science, v. 52, p. 381-390. 
Vohra, F.C., 1970, Some studies on Cerithidea cingulata (Gmelin, 1790) on a 
Singapore sandy shore: Proceedings of the Malacological Society of London, 
v. 39, p. 187-201. 
Vohra, F.C., 1971, Zonation on a tropical sandy shore: Journal of Animal Ecology, v. 
40, p. 679-708. 
Walton, W.R., 1952, Techniques for recognition of living foraminifera: Contributions 
from the Cushman Foundation for Foraminiferal Research, v. 3, p. 56-60. 
Wang, Y.J., 2001, A high-resolution absolute-dated late Pleistocene monsoon record 
from Hulu Cave, China: Science, v. 294, p. 2345-2348. 
 
 
 
 178 
Wang, B., Xu, Z.Y., Yin, X.C., Hu, Y.L., Yang, R.H., Cai, J.G., and Chen, S.Y., 2006, 
Experimental study of the earthquake recurrence period and the trend of 
post-seismic development: Pure and Applied Geophysics, v. 163, p. 2545-
2560. 
Webster, P.J., Holland, G.J., Curry, J.A., and Chang, H.R., 2005, Changes in tropical 
cyclone number, duration, and intensity in a warming environment: Science, 
v. 309, p. 1844-1846. 
Wentworth, C.K., 1922, A scale of grade and class terms for clastic sediments: 
Geology, v. 30, p. 377-392. 
Whitlatch, R.B., and Zajac, R.N., 1985, Biotic interactions among estuarine infaunal 
opportunistic species: Marine Ecology-Progress Series, v. 21, p. 299-311. 
Willard, D.A., Cronin, T.M., and Verardo, S., 2003, Late-Holocene climate and 
ecosystem history from Chesapeake Bay sediment cores, USA: The Holocene, 
v. 13, p. 201-214. 
Willard, D.A., Bernhardt, C.E., Korejwo, D.A., and Meyers, S.R., 2005, Impact of 
millennial-scale Holocene climate variability on eastern North American 
terrestrial ecosystems: pollen-based climatic reconstruction: Global and 
Planetary Change, v. 47, p. 17-35. 
Woodroffe, S.A., 2009, Recognising subtidal foraminiferal assemblages: implications 
for quantitative sea-level reconstructions using a foraminifera-based transfer 
function: Journal of Quaternary Science, v. 24, p. 215-223. 
Woodroffe, S.A., and Horton, B.P., 2005, Holocene sea-level changes in the Indo-
Pacific: Journal of Asian Earth Sciences, v. 25, p. 29-43. 
Woodroffe, S.A., Horton, B.P., Larcombe, P., and Whittaker, J.E., 2005, Intertidal 
mangrove foraminifera from the central Great Barrier Reef shelf, Australia: 
Implications for sea-level reconstruction: Journal of Foraminiferal Research, v. 
35, p. 259-270. 
Woodruff, J.D., Donnelly, J.P., Mohrig, D., and Geyer, W.R., 2008, Reconstructing 
relative flooding intensities responsible for hurricane-induced deposits from 
Laguna Playa Grande, Vieques, Puerto Rico: Geology, v. 36, p. 391-394. 
Yalciner, A., Perincex, D., Ersoy, S., Presateya, S., Hidayat, R., and McAdoo, B., 
2005, Report on 26 December 2004 Indian Ocean tsunami, Field survey 
during 21 - 31 January, North of Sumatra by ITST: UNESCO IOC. 
Yulianto, E., Rahardjo, A.T., Noeradi, D., Siregar, D.A., and Hirakawa, K., 2005, A 
Holocene pollen record of vegetation and coastal environmental changes in 
the coastal swamp forest at Batulicin, South Kalimantan, Indonesia: Journal 
of Asian Earth Sciences, v. 25, p. 1-8. 
Zachariasen, J., Sieh, K., Taylor, F.W., Edwards, R.L., and Hantoro, W.S., 1999, 
Submergence and uplift associated with the giant 1833 Sumatran subduction 
earthquake: evidence from coral microatolls: Journal of Geophysical 
Research-Solid Earth, v. 104, p. 895-919. 
Zachariasen, J., Sieh, K., Taylor, F.W., and Hantoro, W.S., 2000, Modem vertical 
deformation above the Sumatran subduction zone: paleogeodetic insights 
from coral microatolls: Bulletin of the Seismological Society of America, v. 90, 
p. 897-913. 
Zachos, J., Pagani, M., Sloan, L., Thomas, E., and Billups, K., 2001, Trends, 
rhythms, and aberrations in global climate 65 Ma to present: Science, v. 292, 
p. 686-693. 
Zajac, R.N., and Whitlatch, R.B., 1982, Responses of estuarine infauna to 
disturbance, spatial and temporal variation of initial recolonization I: Marine 
Ecology-Progress Series, v. 10, p. 1-14. 
 179 
Zetzsche, F., 1932, Kork and cuticularsubstanzen, in Klein, G., ed., Handbuch der 
Pflanzenanalyse: Berlin, Springer-Verlag, p. 205-215.
 180 
 
INDEX 
 
Aceh-Andaman earthquake, 3, 7, 8, 
21, 25, 37, 39, 41, 44, 45, 64, 66 
calibration, 5, 6, 7, 23, 43, 51, 52, 53, 
61, 62, 65 
climate, 2, 10, 17, 70 
coseismic, 2, 3, 4, 5, 8, 16, 18, 20, 
21, 23, 25, 31, 36, 37, 39, 40, 41, 
42, 43, 44, 50, 62, 63, 64, 65, 66, 
97, 99, 101, 102 
datum, 43, 47, 57 
earthquake, 2, 3, 4, 7, 8, 12, 16, 21, 
24, 25, 42, 44, 62, 97 
foraminifera, vi, 2, 5, 12, 15, 16, 17, 
18, 20, 22, 23, 24, 25, 28, 31, 34, 
36, 37, 40, 46, 49, 55, 60, 68, 71, 
74, 80, 82, 84, 86, 88, 89, 91, 93, 
94, 95, 96, 98, 100, 101, 102 
gastropod, vi, 21, 23, 24, 25, 31, 34, 
37, 40, 41, 43, 97, 98, 99 
hurricane, 2, 10, 11, 12, 20, 23, 24, 
68, 69, 70, 71, 79, 95, 97, 100 
Hurricane Isabel, 2, 11, 23, 68, 70, 
72, 73, 78, 96, 100 
macrofossils, 2, 12, 101 
marine reservoir effect, vi, 41, 50, 60 
megathrust, 2, 3, 4, 5, 7, 8, 25, 26, 
41, 42, 44, 62 
microfossils, 13, 15, 71, 97 
North Carolina, 2, 11, 23, 24, 68, 70, 
95, 97 
Ocracoke Island, 24, 68, 71, 73, 75, 
96, 97 
Outer Banks, 2, 11, 23, 70, 72, 73, 
78, 94, 95, 96, 100 
paleoelevation, 13, 15, 18, 20, 57, 64 
paleoenvironment, 13, 16, 21, 71 
paleoseismic, 23, 24, 39, 41, 42, 44, 
66, 97, 98, 99, 101 
pollen, vi, 2, 12, 13, 15, 16, 22, 23, 
25, 28, 31, 34, 36, 37, 40, 62, 98 
radiocarbon, 6, 28, 31, 37, 41, 57, 
102 
 181 
reconstruction, 1, 15, 16, 18, 24, 57 
relative sea level, 3, 21, 25, 28, 39, 42 
RSL, 3, 4, 18, 39, 42, 57, 62, 101, 
102 
sea-level change, 1, 28 
seismic, 2, 5, 21, 28, 36, 97 
storm, 2, 9, 10, 12, 70, 71, 78, 79, 92 
subduction zone, 5, 8, 39, 63, 99 
subsidence, vi, 1, 2, 3, 4, 8, 16, 18, 
20, 21, 23, 25, 26, 28, 31, 36, 37, 
39, 41, 42, 43, 44, 50, 62, 63, 64, 
66, 67, 97, 98, 99, 101, 102 
Sumatra, vi, 2, 7, 8, 21, 23, 26, 27, 
37, 41, 42, 43, 45, 49, 51, 54, 61, 
63, 67, 97, 98, 99, 101 
Sunda trench, 8, 101 
tidal frame, 12, 16, 68, 91 
tides, 46, 69, 77, 91, 96 
tsunami, 2, 3, 8, 9, 16, 20, 21, 22, 23, 
25, 28, 34, 37, 40, 41, 43, 44, 45, 
50, 54, 60, 62, 63, 64, 65, 66, 99 
 
 
